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Thesis summary 
Modern cattle (Bos taurus and Bos indicus) are well-developed domesticated species found 
in diverse geographical locations and raised for their unique characteristics of adaptation, 
appearance and production. Recently, an array of investigations has characterized several 
worldwide breeds of cattle for the effects of selective breeding on the genomic patterns of 
genetic diversity – called signatures of selection – related to their unique geographical and 
economic traits. However, several aspects of such investigations require the establishment 
and implementation of new approaches by using the latest genomic resources.  
This thesis provides a comprehensive review of published studies on selection signatures in 
cattle and constructs a meta-assembly of genome-wide scans within breeds (n = 24) and 
across geographical groups (European, African, Zebu and composite) to highlight the 
historical selection events, the role of underlying genes for various traits, limitations of the 
available bovine genomic resources and implications of using different methodologies. The 
review concludes that combining multiple selection tests and investigation of multi-breed 
panels – based on common phenotypes – within bovine lineages can account for 
methodological limitations and provides increased power for defining selection signatures 
in the cattle genome. 
This study also developed a new method called composite selection signals (CSS) – to 
improve the power of selection signature scans – in which multiple pieces of evidence for 
selection derived from the rank distribution of individual tests are combined in a single 
score. CSS has shown improved power by localizing the genomic regions under selection 
for major traits in multi-breed panels of cattle and sheep and captures highly differentiated 
loci carried on long and homozygous haplotypes. In addition, CSS captured genomic 
regions at which selective breeding has shaped the unique genetic diversity between the 
geographically isolated breeds of European (n = 48) and African (n = 7) cattle, and 
identified multiple genes for various traits under selection in European cattle including 
polledness, adaptation, metabolism, growth rate, stature, immunity, reproduction, dairy and 
beef production. 
CSS was also used to detect regions associated with the complex trait of bovine stature and 
implicated 12 (nine were novel) regions harbouring multiple candidate genes in contrasting 
cohorts within the European and African cattle. Without phenotypic records on individual 
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animals, the CSS method provides a firsthand scan of the genome to detect putative regions 
associated with complex traits. 
Further, the implementation of CSS for individual breed vs breed and breed vs multi-breed-
panel shown high correlations and provided support for the latter approach to develop 
computationally inexpensive analyses pipelines for breed-specific investigations. In 
addition, the power of CSS was tested by generating a 50k SNP chip dataset from the DNA 
extracted from semen and blood samples of 15 breeds, for a lower sample size of a breed 
population analysis. The comparison of CSS results have shown high correlation for smaller 
(~10) and larger (>50) samples per breed. The genome-wide CSS scans for individual 
breeds (n = 60) of cattle using previously available and new genotypes from 50k SNP chip 
assay identified several novel regions.  
Finally, an ultra-high density SNP genotyping dataset (subset of 1.6 million SNPs out of ~3 
million SNPs generated during the validation of Affymetrix Axiom(TM) Genome-Wide BOS 
1 Array Plate) was investigated with CSS for individual breeds (n = 6) of cattle. For 
illustration of the power gained by using comparatively low (50k) and high (1.6 million) 
density genotypic datasets, the genome-wide results of Angus and Holstein cattle were 
compared and aligned with the previously published selection signatures combined in the 
meta-assembly of both breeds.  
Overall, this study provides a detailed investigation about the core traits influenced by the 
historical selection events in worldwide cattle breeds and presents novel insights about the 
hotspots of positive selection in the bovine genome. 
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Chapter 1 
General Introduction 
 
In the past 10,000 to 12,000 years, animal behaviour and husbandry practices  have been 
strong forces for domestication of certain species (Zeder 2008; Capuco and Akers 2009). 
The domestication process of cattle (Bos taurus and Bos indicus) was followed by spatial 
dispersion – due to human migration – which has resulted in their settlement in various 
parts of the world, exposing animals to new environmental conditions and resources. They 
have survived in multiple climates and adapted to a wide range of production systems from 
mixed crop-livestock to extensive and intensive farming systems. Multiple selective forces 
have targeted traits of economic importance for efficient and sustainable production over 
many centuries, as well as those traits selected by natural forces for adaptive fitness. 
Intensive and long-term selection for various adaptive and production traits results in 
changes in allele frequencies and haplotype homozygosity throughout the genome. 
Genomic regions harbouring candidate genes, which have been subjected to selective 
pressure for their genetic control of various traits, contain unique patterns of genetic 
diversity called signatures of selection. 1  Occurrences of selection are inferred using 
estimates based on site-frequency spectrum, population differentiation and haplotype length 
and extent of linkage disequilibrium (LD) (Kelley and Swanson 2008; Crisci et al. 2012; 
Vitti et al. 2013). Several approaches can be used to track such changes by comparing 
genetic diversity within or across populations and across species to detect various types 
(modes) and age (time-frame) of selection (Oleksyk et al. 2010). More recently, with the 
advent of molecular and genome biology, existence of patterns of single nucleotide 
polymorphism (SNP) and haplotype characteristics altered by selection events can detect 
such signatures of selection (Figure 1.1). In general, discovering signatures of selection is 
considered an important tool to localize genomic regions harbouring candidate genes that 
underlie the traits targeted by historical selective breeding. Notwithstanding, limited 
research has been conducted to investigate methods that can link the signatures of selection 
directly to the targeted traits. 
                                                            
1 The methods to detect signatures of selection, referred as “selection tests”, and relevant terminology are 
described in Table 2.2. 
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With almost 1,000 documented breeds, globally the bovine species expresses very high 
genetic diversity – largely from historical factors shaping this diversity (FAO 2007). As 
such cattle have been used extensively as the model species for exploring the signatures of 
selection (Barendse et al. 2009; Dayo et al. 2009; Flori et al. 2009; Gibbs et al. 2009; 
Qanbari et al. 2010; Stella et al. 2010; Gautier and Naves 2011; Qanbari et al. 2011). 
However, given the differences of statistical power, consistency of results across various 
tests of selection even using the common datasets is limited (Crisci et al. 2012; Fan et al. 
2014). For example, the genotype- (FST) and haplotype- (iHS) based estimates detected 
selection signatures at different genomic regions in cattle (Qanbari et al. 2011). Given the 
huge body of research recently conducted on multiple breeds of cattle, no effort has been 
made to date to combine those results and understand the regions of importance in the 
bovine genome. The accuracy of making inferences about the historical selective events 
concerning a species requires investigation of diverse populations to capture all potential 
genomic regions. Despite global efforts, several important breeds of cattle have never been 
investigated. This project focused on the comprehensive meta-analysis of previous research, 
development of new methods to improve power for investigating bovine genetic resources 
and investigation of additional breeds to provide insights about the historical selective 
pressure in worldwide cattle.  
The existence of genetic variation implies the alternation in the inherited material, i.e., 
deoxyribonucleic acid (DNA) which carry most of the blueprints for phenotypic 
appearance, by a biochemical process called “mutation” during the lineage of its carrier 
species, breed or strain (Alkan et al. 2011). Sustainability and spread of mutations (heritable 
variant) depend upon the extent of its carrier individual to serve as a parent. Moreover, the 
scope of mutation carrier parents could vary in accordance with the competition amongst 
their contemporaries for self-performance and potential to meet up future demands by their 
progeny (Barton and Etheridge 2011). Overall, at a population level, the genomic patterns 
of polymorphism follow a neutral distribution. Existence of non-neutral patterns of genomic 
scale polymorphisms can result from various forces including phenotypic selection, 
population admixture, genomic rearrangements etc. In particular, non-neutral genomic 
patterns in a population, which have been historically under phenotypic selection, indicate 
that some genetic variants are being constrained due to their role in functional traits or they 
are the neighbours of a function-controlling variant (Voight et al. 2006; Thornton et al. 
2007; Novembre and Di Rienzo 2009; Oleksyk et al. 2010).   
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A) Before selection       Expected signatures of selection detected with common tests  
 
B) After selection                 Candidate region 
 
 
SNPs:  Haplotypes:  
 
Figure 1.1: Illustration of effects of selection based on phenotypic diversity on the genotypic pattern of a population before (A) and after (B) 
selection. SNPs shaded in orange and red show ancestral and derived alleles, respectively. SNP shaded in blue at the causal allele under selection. 
The selection tests, namely, population differentiation (FST), change in derived allele frequency (ΔDAF) and across population extended haplotype 
homozygosity (XP-EHH), are defined in Table 2.2.   
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Neutral (random genetic drift), nearly neutral and natural selection theories provide various 
explanations to the genotypic and phenotypic evolution of a population (as described 
below). In general, new mutations (sometimes old mutations also) and subsequent changes 
in their allele frequencies over time describe the population genetic structure. Some 
mutations – function altering or non-synonymous mutations – cause qualitative and 
quantitative changes while others are redundant (synonymous, neutral). Phenotypic 
diversity within a population is governed by those functional variants, further categorized as 
gain-of-function (generally advantageous) and loss-of-function (deleterious) mutations. The 
effects of advantageous and deleterious mutations can be distinct (large effect, mostly in 
monogenic traits) or continuous (additive effect, due to multiple genes/variants controlling a 
trait), depending on structural and regulatory mechanisms involved in making a particular 
phenotype.  
Population level transformation of the phenotypes occurs by the propagation of mutations 
that generally enhance the fitness (ability to survive and reproduce) of an organism. In 
addition, changes – bottlenecks and expansions – in effective population size during the 
history of a species also impart significant consequences on the distribution patterns of 
genetic polymorphism through random drift. More specifically, changes in effective 
population size due to various demographic factors such as migration (emigration causes 
bottlenecks whilst immigration causes expansion), unusual natural catastrophes or trade (in 
a commercial species, in recent times).  The rate of propagation, the age and hence the 
causal effects of a mutation can be inferred from various models of selection defined by 
common theories. 
Neutral selection theory (Kimura 1983) states that molecular level evolutionary changes in a 
population (species) are caused by random neutral occurrences that do not give any 
advantage to the carrier organism. Hence, the genetic diversity of population is selectively 
neutral (non-advantageous) and is maintained by the balance between the new and old 
mutation due to their random episodes of occurrence and extinction, respectively (Kimura 
1991). Most genetic variants have been observed propagating following expectations of a 
neutral model. However, not all evolutionary events are completely neutral (Nei et al. 
2010). An extension of Kimura’s ‘neutral theory’ was proposed as the ‘nearly neutral 
theory’ to account for advantageous or deleterious effects of mutations in population 
diversity (Ohta 2002). The nearly neutral theory considers that the population-level 
evolutionary changes occur such that new characteristics are either slightly advantageous 
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over or equivalent to the old characteristics. The latter theory identifies the role of non-
neutral selective forces and population size that explains the concurrent work of selection 
and drift (Ohta 2002).  
Overall, neutral and nearly neutral selection theories may provide plausible explanation for 
speciation events by evolutionary changes that happened quite slowly. However, they offer 
very little to model the recent adaptation and post-domestication selective events (where the 
rate of propagation is substantially higher than the rate of new mutation events). It is 
noteworthy that the neutral theory provides the theoretical framework for the evaluation of 
natural selection to test the null hypothesis based on neutral expectations. The traditional 
selection theory (called as Darwin’s theory of natural selection) proposes that advantageous 
and deleterious mutations, respectively, have higher and lower probabilities of alleles being 
propagated towards fixation compared to neutral mutations (Hancock and Di Rienzo 2008). 
Neutral mutations cause no benefits or defects; they are not directly targeted by selective 
forces and therefore, they follow a neutral distribution. However, neutral variants in the 
surrounding regions of a functional mutation do share the selective pressure because of the 
existence of linkage disequilibrium (LD) between them. 
Different events and forces including speciation, domestication, breed formation, breeding 
patterns, genetic drift, migration, introgression, and variable recombination and mutation 
rates can change the genetic equilibrium of variants (Hofer et al. 2009; Pedersen et al. 2009; 
Nosil and Feder 2012). Notably, selection is one of the major forces that create very 
systematic and regional patterns of variation within the genome around the candidate genes 
of traits under selection (Hussin et al. 2010; Lin et al. 2010). Population genetic theory 
predicts that for a polymorphic locus under selection, the frequency of the beneficial allele 
is raised along with its adjacent linked neutral alleles under the phenomenon called 
‘hitchhiking’. As a result, the frequency of a functional variant under positive selection 
pressure increases rapidly but it minimizes the genetic variation in the surrounding DNA 
regions due to LD. Hence, the reduction or elimination of heterozygosity at the linked 
alleles results in long conserved haplotypes called “selective sweeps” unless disturbed by 
recombination (Kim and Stephan 2002; Sabeti et al. 2002; Williamson et al. 2007). Owing 
to their locations, some genomic regions are assumed to encounter very frequent 
recombination (hot-spots) where as others are less likely to experience it (cold-spots) (Petes 
2001). Nevertheless, selection pressure on a genomic region affects multiple neighbouring 
alleles due to hitchhiking, and this usually negatively correlates with recombination rate 
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(Keinan and Reich 2010). On the other hand, recombination cold-spots can confound with 
the patterns of genetic diversity shaped by selective forces (Oleksyk et al. 2010). 
Selective forces hitchhike the segments of genome around the beneficial alleles at variable 
rates given the history of target mutation and its role in the overall phenotypic traits. The 
effects of selection on phenotypic diversity and its underlying genetic architecture of a 
population can be understood by various alternative models such as hard sweeps, soft sweep 
and polygenic adaptation (Pritchard et al. 2010). Hard sweeps occur around the newly 
generated beneficial mutations that have rapidly arisen to fixation in a population. Soft 
sweeps occur around the old mutations (standing genetic variation), in which alleles that 
were previously neutral and slowly become beneficial for a population due to environmental 
shifts. Polygenic adaptations occur with subtle shift in the allele frequencies of a group of 
small effect mutations at many loci in response to selection of a complex polygenic trait. 
Overall, unique patterns of genotypes, haplotypes and LD structure in the genome are 
expected to help identify the signatures of selection and the underlying genes that may have 
been direct or indirect causes of selection. Many different methods are used to detect the 
changes in patterns of genomic variation for regions under selection (described in Chapter 2 
and Chapter 3). Strategies to identify past episodes of selection rely on the expectation that 
selectively evolving mutations generate local patterns of unique diversity as compared to 
global (genome-wide) pattern of neutrality (Barbujani and Colonna 2010). For example, to 
understand the genetic basis of human adaptation, deviations from neutrality in genomic 
regions due to various selective events have been extensively investigated (Thornton et al. 
2007; Hancock and Di Rienzo 2008; Akey 2009; Hurst 2009; Novembre and Di Rienzo 
2009; Oleksyk et al. 2010; Pritchard et al. 2010). On the other hand, domesticated species 
such as cattle have experienced drastic selective pressures as compared to the natural 
populations (human) and their selective events are referred as artificial selection, i.e., human 
interventions for selectively breeding favoured individuals. Signatures of selection on 
various genomic regions of interest have been characterized utilising the many 
developments in the sequencing and genotyping techniques and associated statistical models 
(Hayes et al. 2008; Boitard et al. 2009; Qanbari et al. 2010; Schwarzenbacher et al. 2012; 
Utsunomiya et al. 2013; Perez OBrien et al. 2014; Qanbari et al. 2014). Moreover, 
evaluation of the past research and analyses of the worldwide cattle breeds using novel 
methods has the scope to provide deeper insights about the historical selection events in 
cattle.  
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Objectives of this study 
This study investigated the available results and resources by using novel approaches to 
understand the targets of historical selection in the cattle genome. The specific objectives of 
this thesis were:  
1. To construct a meta-assembly of signatures of selection by combining the results from 
previously published studies using a novel approach and highlight the hotspots of 
selectively constrained genomic regions in European, African and Zebu cattle 
(Chapter 2). 
 
2. To develop a novel method of detecting signatures of selection by combining the 
evidence of selection from multiple tests of selection and evaluate the utility of this 
new method for various monogenic traits and geographically isolated cattle types 
(Chapter 3). 
 
3. To evaluate the new method of detecting signatures of selection for its utility for 
polygenic complex traits by using cohorts of worldwide breeds and breed-wise trait 
averages (Chapter 4). 
 
4. To detect breed-specific signatures of selection in worldwide cattle breeds by using the 
available and newly generated datasets of high-density genotyping panel containing 
50K SNPs (Chapter 5). 
 
5. To validate and detect novel breed-specific signatures of selection in Angus and 
Holstein by using the available and newly generated datasets of ultra-high-density 
genotyping panel containing 1.6 million SNPs (Chapter 6). 
 
6. To provide a general discussion to what extent the objectives in this thesis have been 
met, and directions for future research (Chapter 7) 
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Chapter 2 
A Meta-assembly of Selection Signatures in Cattle 
(This chapter is presented as a draft manuscript prepared for submission to a peer-reviewed journal) 
Imtiaz A. S. Randhawa, Mehar S. Khatkar, Peter C. Thomson and Herman W. Raadsma 
2.1 Abstract:  
Significant genetic improvements have been achieved for many traits of commercial 
importance in cattle since their domestication, including adaptation, appearance and 
production. In turn, the bovine genome has experienced intense selective pressures at the 
underlying regions of functional genetic variants. The bovine genome sequence assembly 
and high-density genotype panels have provided a remarkable resource to investigate the 
post-domestication and commercialization effects on the genomic patterns of genetic 
diversity. This article reviews 46 recent (2008-2014) investigations testing genomic 
diversity for departure from neutrality, called “selection signatures”, in the worldwide 
populations of 87 breeds and several crossbred cattle. In particular, we constructed a meta-
assembly of selection signatures for individual breeds and their breed groups (European, 
African, Zebu and composite) from 37 genome-wide scans. The meta-selection-scores 
(MSS) were computed by combining the published selection signatures at every given 
locus, within a sliding window span, weighted with the relationship of breed samples and 
significance thresholds across and within studies. The prominent peaks of MSS, 
representing the regions under selection across multiple populations, were localized and 
harboured genes associated with traits of major effect, such as coat colour, polledness and 
muscle hypertrophy. Other prominent peaks in the meta-assemblies harboured several genes 
identified under selection for the polygenic traits (e.g. stature, adaptation, feed efficiency, 
immunity, behaviour, reproduction, beef and dairy production.), that have also been 
previously supported by gene networks, quantitative trait loci and genome-wide association 
studies. This article, to our knowledge, is the first meta-assembly detailing the core traits 
and genomic regions influenced by the historical selection events. The meta-assembly offers 
novel insights about the hotspots of selective sweeps in the bovine genome and can be 
added on to as new studies across different breeds become available. 
Key words: Review, Signatures of selection, Bovine genes, Economic traits 
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2.2 Introduction 
Modern domestic species are a result of selective breeding for many traits of economic 
importance since they were domesticated (Andersson and Georges 2004; Zeder et al. 2006; 
Ajmone-Marsan et al. 2010; Mirkena et al. 2010). The footprints of selective breeding on 
genomic architecture can now be characterized with the development of molecular genomic 
tools and advanced computational biology (Bruford et al. 2003; Beja-Pereira et al. 2006; 
Oleksyk et al. 2010). Although the contribution of natural (adaptation) and artificial 
(domestication and subsequent directional selection) remains challenging to differentiate,  
the rapid expansion of genomic data being generated from sequencing and genotyping by 
the genome projects around the world should enable far greater insights of such selection on 
genomes of domestic species (Hill 2014).  
Domestication followed by spatial dispersion due to human migration, has resulted in the 
habitation of many breeds of cattle across the world, exposing those animals to new 
environments and husbandry practices (Ajmone-Marsan et al. 2010; Mirkena et al. 2010). 
The history of genetic changes to adapt to new circumstances dates to about 10,000 years 
ago during domestication (Bradley et al. 1998; Bollongino et al. 2012). Therefore, long-
term selection pressures have operated on the genomic regions that control traits for 
adaptive fitness. More recently, selection for various unique morphological traits during the 
development of specialized breeds (for example; coat colour, presence of horns, etc.) have 
left their selective signatures in the genome.  
Modern cattle breeds are the most dominant and well-developed domesticated ruminant. 
They are raised for production of dairy, meat, leather and as draft animals (MacEachern et 
al. 2009b; Taberlet et al. 2011). For instance, dairying has been attributed to the human 
cultural revolution as an important food source (Capuco and Akers 2009) along with 
influencing the human genome for selective adaptation to tolerate lactose in response to 
domestication of ruminants (Lemay et al. 2009a; Lemay et al. 2009b; Tellam et al. 2009; 
Laland et al. 2010). During the past 50 years the worldwide cattle population has increased 
by approximately 50%, whereas, the production (milk, meat and hides) of this population 
has increased up to 100% (Figure S2.1). This represents a remarkable improvement in both 
genetic value and husbandry practices. The genetic improvement has exposed the bovine 
genome to intense selective pressure for commercially important traits in many breeds. 
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Recent development of bovine genome sequence assemblies (Figure S2.2) and high density 
genotyping panels (Figure S2.3) has provided researchers with remarkable resources to 
study the effects of domestication and selection on the architecture of the bovine genome. 
Subsequent investigations have revolutionized our understanding of mammalian evolution 
and domestication, while other studies have devised strategies for enhancing genetic 
improvement for dairy and beef production (Burt 2009; Gibbs et al. 2009). Organized 
breeding systems that have large well-characterized cattle populations also provide pivotal 
resources for the discovery of genes contributing to complex traits such as milk production, 
fertility, muscle formation, energy partitioning and disease resistance (Khatkar et al. 2004; 
Tellam et al. 2009; Taberlet et al. 2011; Khatkar et al. 2014). Approaches that integrate 
quantitative trait locus (QTL) (Goddard and Hayes 2009) mapping studies, genome wide 
association studies (GWAS) and selection signatures have led the way to fine-map and 
localize functional mutations of many genes contributing to phenotypic diversity in cattle 
(Andersson and Georges 2004).  
Accurate identification of chromosomal regions that contain selection signatures is 
important in our understanding of the underlying genetic diversity contributing to 
phenotypic diversity (Andersson and Georges 2004; Biswas and Akey 2006). Cattle have 
been a model animal for such studies with almost 1,000 breeds (FAO 2007) reflecting 
genetic diversity underlying domestication, adaptation, appearance and production. This 
study reviews a set of 46 studies that have investigated selection signatures in worldwide 
populations of cattle breeds. We constructed a meta-assembly of the genome-wide 
significant results to highlight the hotspots of positive selection within cattle, and discuss 
the historical selection events and the role of underlying genes controlling the economically 
important traits. We also highlight the limitations of the available bovine genomic resources 
and implications of using different methodologies. 
Human interferences on bovine genome biology through controlled breeding in several 
places, in different civilizations, around the world (Bradley et al. 1998; Diamond 2002; 
Zeder et al. 2006; Zeder 2008; Ajmone-Marsan et al. 2010; Mirkena et al. 2010; Wiener and 
Wilkinson 2011) resulted in emergence of many contemporary breeds. It is thought that the 
progenitors (aurochs: Bos primigenius) of modern cattle were initially domesticated in the 
Euphrates Valley during the Neolithic era and then, within the next 2,000 years, they spread 
in the Fertile Crescent and further dispersed in the Mediterranean Basin (Zeder 2008). It is 
presumed that subspecies of aurochs developed into various cattle types, and that the spatial 
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distributions of multiple independent domestication events included different regions of the 
Fertile Crescent, Indus Valley and Africa, and possibly in East Asia (Loftus et al. 1994; 
Ajmone-Marsan et al. 2010; Chen et al. 2010; Edwards et al. 2011). Consequently, there are 
three distinct domestic cattle lineages, i.e., European Bos taurus, African Bos taurus and 
Bos indicus (Zebu), which represent all contemporary cattle breeds. 
Recent investigations conclude that the taurine and indicine cattle diverged long before 
domestication, and an early separation in the ancestry of European, East Asian and African 
cattle breeds has resulted in widespread geographical distributions of taurine breeds (Decker 
et al. 2009; Gibbs et al. 2009; Gautier et al. 2010; Bollongino et al. 2012). Moreover, 
ancient and recent admixture between African taurine and indicine cattle has also been 
recorded (Decker et al. 2009; Gautier et al. 2010; Stock and Gifford-Gonzalez 2013; Porto-
Neto et al. 2014). Present cattle breeds are believed to be remnants of a much larger cohort 
of ancient populations that once existed (in isolation) across various parts of the world. 
Bottlenecks due to domestication – breed formation and recent selection – have resulted in 
reduced effective population size of various geographically isolated populations (Gibbs et 
al. 2009).  
2.3 Meta-assembly of selection signatures in cattle 
Many genome-wide scans have investigated unique patterns of genetic polymorphisms in 
the cattle genome to identify the selection signatures (Table 2.1, S2.1). These published 
studies used different SNP genotype datasets and various tests to detect selection signatures 
(Table 2.2) across demographically diverse populations. These diverse investigations 
provide insights about the historical selection in cattle but provide little information on 
consensus of selection signatures across the cattle genome. The work of the current study is the 
first attempt to comprehend the published results on selection signatures within each cattle 
type by developing a novel meta-assembly approach adapting the meta-assembly method 
used in Khatkar et al. 2004 and Khatkar et at. 2014. Construction of the meta-assembly was 
challenging given the heterogeneity of published investigations on selection signatures, 
hence several critical measures were adopted to minimize sources of potential bias in using 
available information. 
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Table 2.1: Summary of genome-wide scans on Bovine selection signatures 
No. Study SNPs (assay1) 
Genome 
assembly2 
Breeds 
(samples)3 
Selection 
Tests4 Traits reported
5 
1  MacEachern et al. (2009a) 9,323 (10K) Btau3.1 2 (713) Fay & Wu's H, FST, ΔDAF Body composition, Carcass yield 
2  Hayes et al. (2009) 9,323 (10K) Btau3.1 4 (774) AFD, iHS Milk and Meat production 
3  Gibbs et al. (2009) 37,470 (BHMC) Btau3.1 19 (497) FST, iHS, CLR 
Domestication traits: Behaviour, 
Immunity (MHC), Feed efficiency, 
Double Muscling, Milk yield and 
composition, Intramuscular fat content 
4  Barendse et al. (2009) 
8,859 (10K) 
and 32,470 
(BHMC) 
Btau4.0 21 (385) and 19 (497) FST 
Residual feed intake, Beef yield 
(Intramuscular fatness) 
5  Gautier et al. (2009) 36,320 (50K) Btau4.0 11 (437) FST (BF) 
Adaptation (pathogens and climate), 
Trypanosomiasis tolerance, Immune 
response, Nervous system, Skin and hair 
properties 
6  Flori et al. (2009) 41,777 (50K) Btau4.0 3 (2803) FST Milk production, Reproduction, Coat colour (Body coloration) 
7  Chan et al. (2010) 7,956 (10K) Btau4.0 13 (317) FST, EHH Tropical adaptation: Tick resistance, Heat resistance, Immune system 
8  Stella et al. (2010) 32,689 (BHMC) Btau4.0 19 (497) CLL 
Polledness, Coat colour (Black, Piebald), 
Dairy production, Reproduction 
9  Qanbari et al. (2010) 40,854 (50K) Btau4.0 1 (810) EHH, REHH Milk yield and composition, Reproduction, Behaviour, Dairy quality 
10  Gautier and Naves (2011) 44,057 (50K) Btau4.0 22 (725) iHS, Rsb Reproduction, Metabolism, Immunity 
11  Noyes et al. (2011)* 21,034 (BHMC) Btau4.0 17 (86) 
XP-EHH, Fay 
& Wu's H Trypanosomiasis tolerance 
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No. Study SNPs (assay1) 
Genome 
assembly2 
Breeds 
(samples)3 
Selection 
Tests4 Traits reported
5 
12  Qanbari et al. (2011) ~42,600 (50K) Btau4.0 12 (3,876) FST, iHS 
Reproduction (fertility), Muscle 
formation, Feed efficiency, Productive 
life 
13  Glick et al. (2012) 41,812 (50K) Btau4.0 1 (912) REHH 
Milk (fat and protein) production and 
composition, Female fertility, Somatic 
cell score, Herd life 
14  Hosokawa et al. (2012) 40,635 (50K) Btau4.0 2 (100) SWAD Carcass quality and yield, Milk (fat and protein) quality and yield 
15  Larkin et al. (2012) 52,150 (50K) Btau4.0 1 (94) AFD Milk production, Fertility, Disease resistance 
16  Schwarzenbacher et al. (2012)* 34,851 (50K) Btau4.0 1 (287) iHS Milk protein yield 
17  Flori et al. (2012) 47,365 (50K) UMD3.1 19 (623) FST, iHS, Rsb Polledness, Thermotolerance 
18  Pan et al. (2013) 40,130 (50K) Btau4.0 1 (2106) EHH, REHH Milk production, Reproduction, Immune system, Growth 
19  Pintus et al. (2014) 42,514 (50K) Btau4.0 2 (1,113) FST 
Immune response, Production, 
Reproduction, Metabolism, Double 
muscles, Coat colour 
20  Boitard and Rocha (2013) 35,554 (50K) UMD3.1 1 (30) HMM-SFS Double Muscles, Body weight 
21  Lee et al. (2013) 15,125,420 (Sequencing) UMD3.1 1 (12) SFS (CLR) 
Adaptive immunity, Domestication (BPV 
virus resistance) 
22  Liao et al. (2013) 9,990,733 (Sequencing) UMD3.1 1 (14) ZHp 
Tropical adaptation: Resistance to hot 
temperature and tropical diseases 
(pathogens and parasites) 
23  Lim et al. (2013) 4522 (10K) Btau3.1 1 (266) iES Beef production (intramuscular fat or marbling) 
24  Utsunomiya et al. (2013) 281,994 (800K) UMD3.1 4 (136) Meta-SS 
Reproduction, Dairy and Meat 
production 
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No. Study SNPs (assay1) 
Genome 
assembly2 
Breeds 
(samples)3 
Selection 
Tests4 Traits reported
5 
25  Ramey et al. (2013) 
52,942 (50K) 
and 2,575,339 
(AFFXB1P) 
UMD3.1 15 (6,431) Contiguously Low MAF 
Behaviour, Polledness, Reproduction, 
Immune response, Ear morphology, Beef 
production, Stature, Coat colour 
26  Druet et al. (2013) 725,293 (800K) UMD3.1 12 (674) HMM-SFS 
Polledness, Double muscles, Stature, 
Coat color 
27  Porto-Neto et al. (2013) 768,506 (800K) UMD3.1 13 (505) FST 
Divergent selection between Zebu and 
Taurine cattle (eg., Stature, Fertility, 
Production, Immunity) 
28  Rothammer et al. (2013) 47,651 (50K) UMD3.1 10 (430) XP-EHH Polledness, Double muscle, Coat colour, Dairy and beef production traits 
29  Kim et al. (2013) 41,951 (50K) UMD3.1 1 (2,087) iHS Dairy production (milk, fat, protein yields) 
30  Mancini et al. (2014) 29,848 (50K) Btau4.0 5 (2,797) FST 
Reproduction, Lipid metabolism, 
Calving ease, Coat colour, Stature, Dairy 
production 
31  Edea et al. (2014) 29,736 (50K) UMD3.1 5 (47) FST Metabolism, Hypoxia response, Heat stress 
32  Fan et al. (2014) 39,094 (50K) UMD3.1 1 (942) EHH, REHH Beef production and meat quality (carcass traits)  
33  Randhawa et al. (2014) 38,610 (50K) UMD3.1 21 (375) CSS Polledness, Double muscle, Stature, Coat colour, Reproduction, Immunity 
34  Porto-Neto et al. (2014) 680,000 (800K) UMD3.1 9 (1,842) FST Immunity, Reproduction, Metabolism 
35  Kemper et al. (2014) 610,123 (7K, 50K, 800K) UMD3.1 8 (23,641) 
FST, iHS, 
HAPH 
Polledness, Coat colours, Stature, Milk 
production, Double muscle 
36  Perez OBrien et al. (2014) ~ 510,320 (800K) UMD3.1 4 (235) VarLD 
Adaptation, Dairy and Beef production, 
Reproduction (Male fertility), Ear 
morphology 
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No. Study SNPs (assay1) 
Genome 
assembly2 
Breeds 
(samples)3 
Selection 
Tests4 Traits reported
5 
37  Qanbari et al. (2014) 15,182,131 (Sequencing) UMD3.1 1 (43) iHS, CLR 
Domestication traits: Coat colours, 
Neuro-behaviour, Immune system, 
Sensory perception 
38  Lee et al. (2014) 17,666,906 (Sequencing) UMD3.1 2 (21) 
XP-EHH,  
XP-CLR 
Milk proteins and production, Coat 
colours 
 
1 Genotyping SNPChip assays; 10K: MegAllele™ Genotyping Bovine 10K SNP Panel, features almost 10,000 SNPs randomly (not very evenly 
spaced) spanning the bovine genome. BHMC: The International Bovine HapMap Consortium (genome-wide panel of 37,470 SNPs. 50K: Illumina 
BovineSNP50 Genotyping BeadChip, features more than 54,000 (version 1: 54,001 and version 2: 54,609) evenly spaced SNP probes (~51.5kb) 
spanning the bovine genome. 800K: Illumina BovineHD BeadChip, features 786,799 SNPs that uniformly span the entire bovine genome. AFFXB1P: 
Affymetrix Axiom(TM) Genome-Wide BOS 1 Array Plate, comprise 648,855 SNPs representing genetic diversity of ~3 (out of 46) million SNPs across 
breeds that uniformly locate after each 1 kb along the bovine genome and 2.5 million (2,575,339) SNPs from the Affymetrix SNP validation data were 
used in the reported study. Chromosome-wise SNP density of each genotyping assay is shown in Figure S2.2. 
2 Bovine Genome assemblies that were according released as; Btau3.1 in August 2006, Btau4.0 in October 2007, UMD3.1 in December 2009.  
3 Breed names and breed-wise sampling and genotyping information is provided in Table S2.1. 
4 Complete names and description of selection tests are provided in Table 2.2. 
5 Summary of major findings related to various traits of economic importance from each study. 
* Two studies have not provided complete (extended) list of significant regions, however, they performed genome-wide scans, therefore, the 
significant regions from these studies have been included in the computation of meta-scores. Additional studies that used targeted sequencing, 
microsatellites and parse genotypes on few chromosomes are provided in additional Table S2.1. 
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2.3.1 Construction of meta-assembly 
2.3.1.1 Data collection 
Published results from 38 genome-wide scans of selection signatures in cattle (Table 2.1) 
were compiled for the computation of meta-scores. Additional studies (Table S2.1), 
investigated selective sweeps on targeted regions of a few chromosomes or used other 
genomic markers (e.g., microsatellites), and were not included in the analyses to avoid any 
bias from single locus results (Nei et al. 2010) and could have overestimated the strength of 
selection in some regions, therefore distorting the meta-scores. 
Many different approaches (selection tests) were used in the genome-wide studies to test the 
loci that depart from expectation under a hypothesis of neutrality. Most were based on 
estimates of population allele differentiation and haplotype homozygosity (Table 2.2). For 
the purpose of this review, selection tests were considered independent of each other and no 
adjustments were made for the perceived relationships across various selection tests. This 
position was taken considering that all tests within a study were mostly independent from 
each other as presumed by those authors. Moreover, the implementation of common tests, 
such as FST and iHS, across studies do not require adjustment. However, additional 
parameters that may cause loss of accuracy, such as, bovine genome assemblies, 
relationship of sample population (breed-wise animals) and significance threshold used 
across those studies were included in the adjustment of data in the meta-assembly. 
2.3.1.2 Mapping results onto UMD3.1 bovine assembly 
Published results have been presented on different bovine genome assemblies, including 
Btau 3.1, Btau 4.0 and UMD3.1 (Table 2.1), which have variable genome coverage (Figure 
S2.2). In order to find alignments of detected selection signatures across studies, the 
available results from Btau 3.1 and Btau 4.0 were mapped to the latest UMD3.1 bovine 
genome assembly. The published studies have used different SNP genotyping panels (Table 
2.1, Figure S2.3) and there are several SNP markers common across these SNP panels. 
Therefore, the original genomic positions were updated onto UMD3.1 bovine genome 
assembly using the common or nearest marker position for the start, end and middle (or top 
score location, if given) of a selection signature. 
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2.3.1.3 Breeds and groups of breed-types 
The breed and crossbred populations of cattle that have been used in various studies to 
investigate selection signatures can be divided into four breed-type groups, according to 
their geographical origins, i.e., European (Bos taurus), African (Bos taurus), Zebu (Bos 
indicus) and composite (Bos taurus  Bos indicus) and are detailed in Table S2.2. Because 
the historical events of selection pressure in these groups have been unique, the data from 
these four groups were organized and analysed separately. Further information on the origin 
of breeds, breed sample size, array SNP density, bovine genome assembly, selection tests 
are also shown in Table S2.2. 
The populations listed in Table S2.2 are considered input datasets in published studies and 
their output (results) have been presented according to populations detailed in Table S2.3. 
Based on the input datasets of published studies, the populations of 87 breeds have been 
used either breed-wise, group-wise (grouped with other breeds) or as a reference panel 
(Table S2.3). For example, Holstein has been investigated in 27 studies, where 17 studies 
presented results for the breed, seven studies presented Holstein results grouped with other 
populations and three studies have used Holstein samples as a reference panel to investigate 
selection signatures in other breeds (Table S2.3). Overall, breed-wise results were available 
from 43 cattle breeds representing 1 to 17 studies. Moreover, 73 breeds have been presented 
as group-wise results ranging from 1 to 7 studies (Table S2.3). 
The results presented as breed-wise and group-wise selection signatures were used to 
compute meta-scores. For each position of published selection signature, two adjustment 
factors were computed: 1) to adjust for the use of repeated DNA samples across studies and 
2) to account for the inconsistent significance thresholds used for the top SNPs within each 
published study. These adjustment factors are termed “DNA score” and “SNP score”, 
respectively and are described in detail below.  
2.3.1.4 Common usage of DNA samples across studies 
From the published studies, it was noted that several breed-wise genotyping datasets were 
re-analyzed across different studies using different analytical tools. For example, DNA 
samples (breeds) from the Bovine Hap Map Consortium (BHMC) and subsequently 
genotyped with bovine Illumina BovineSNP50 (50K) and BovineHD (800K) BeadChip 
assays, have been repeatedly utilized in several studies (Table S2.2). Furthermore, several 
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studies have used new samples combined with previously studied samples. Therefore, for 
every breed, which was investigated in multiple studies, the proportion of common 
individuals between each pair of ݅ and	݆ study was computed to account for common usage 
of DNA samples.  
If	݊௜ , ௝݊	are the total number of DNA samples and ݊௜௝  is the number of common DNA 
samples between each pair of studies ݅  and 	݆ , and there are ݇  studies on a particular 
group/breed	ܾ, then the DNA score ݀௜ can be computed for breed ܾ of study ݅ as follows: 
݀௜ ൌ 	 1
෎ ቆ ݊௜௝൫݊௜ ൅	 ௝݊൯ െ	݊௜௝	ቇ
௞
௝ୀଵ
 
 
A matrix of common usage of DNA samples between the studies and study-wise calculated 
weighting (݀௜, DNA score) for Holstein and Angus breeds is given in Figure S2.4. 
It is noteworthy that not all studies provided results for individual breeds; rather a selection 
signature was reported for a group of multiple breeds with a common defining attribute, 
e.g., polled, dairy, African or Zebu breeds. In those cases, common usage of the total 
number of DNA samples across multiple studies was computed as the DNA score using the 
above formula. Similarly, the DNA score for the subset of breeds represented in a particular 
group was computed e.g., a group represented by European breeds (Figure 2.1); Moreover, 
DNA scores were re-computed for each analysis using the unique subset of breeds and 
groups for which the published results of selection signatures were used. 
2.3.1.5 SNP score (࢙) 
The different significance thresholds used across studies to declare significant selection 
signatures (regions or SNPs under selection) could distort the signal under a meta-assembly. 
Hence, a SNP score	ݏ௜, was assigned to provide an approximately equal contribution from 
each investigation (i.e., study	݅). Across all studies the range of significance thresholds vary 
from the top 5% to top the 0.1% using various distributions of results, such as, p-values, q-
values, percentiles etc. A simplistic approach was implemented to define ݏ-values, so that 
the set of published selection signatures within the top 5%, 1% and 0.1% thresholds were 
weighted as ݏ ൌ 1, ݏ ൌ 2 and ݏ ൌ 3, respectively.  
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2.3.1.6 Weighted selection signatures (ࡿࡿ) 
The DNA score (݀௜) and SNP score (ݏ௜) values were used to assign a weighted selection 
signature (ܵܵ) score at each unique position. For instance, for each breed-wise and group-
wise result from any study	݅, at a locus	݈, the ܵ ௜ܵ೗	score will be equal to ݀௜	ݏ௜.   
2.3.1.7 Computation of meta-selection-score (MSS) across studies 
Finally, the meta-score of selection signatures, termed as “meta-selection-score” (MSS) at 
each unique reported position, locus 	݈ , was computed as the sum of ܵܵ	value within a 
sliding window from multiple studies:  
ܯܵ ௟ܵ ൌ෍ܵ ௜ܵ೗
௞
௜ୀଵ
 
If a study has reported multiple positions within the window then only highest SS was 
included.  The size of the sliding window for the computation of Meta-score was set to 5 
Mb, i.e., ~ 2.5 Mb on each side of a locus	݈. It is noted that the span of the published 
selection signatures ranged from a single bp to 46.10 Mb (Figure S2.5). For the selection 
signature reported as span, the span overlapping with the sliding window were included in 
the computation of MSS.  
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Figure 2.1: Plot of relationship matrix and DNA score (di) weighting computed from 32 studies that published selection signature using European 
cattle. ni shows total number of DNA samples from European breed(s) from a particular study. The list of studies is as follows; 1: Barendse et al. 2009, 
2: Boitard and Rocha 2013, 3: Chan et al. 2010, 4: Druet et al. 2013, 5: Fan et al. 2014, 6: Flori et al. 2009, 7: Gibbs et al. 2009, 8: Glick et al. 2012, 9: 
Hayes et al. 2009, 10: Hosokawa et al. 2012, 11: Kemper et al. 2014, 12: Kim et al. 2013, 13: Larkin et al. 2012, 14: Lee et al. 2013, 15: Lee et al. 
2014, 16: Lim et al. 2013, 17: MacEachern et al. 2009, 18: Mancini et al. 2014, 19: Pan et al. 2013, 20: Perez OBrien et al. 2014, 21: Pintus et al. 2013, 
22: Porto-Neto et al. 2013, 23: Porto-Neto et al. 2014, 24: Qanbari et al. 2010, 25: Qanbari et al. 2011, 26: Qanbari et al. 2014, 27: Ramey et al. 2013, 
28: Randhawa et al. 2014, 29: Rothammer et al. 2013, 30: Schwarzenbacher et al. 2012, 31: Stella et al. 2010, 32: Utsunomiya et al. 2013. 
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Table 2.2: A list of selection test used in published studies on Bovine selection signatures 
Test Description Bovine references 
Fay & 
Wu's H 
Fay and Wu's H test: Detects an excess of high (compared to intermediate) frequency variants that 
are likely to have been influenced by positive selection (Fay and Wu 2000). 
(Freeman et al. 2008; MacEachern 
et al. 2009a; Noyes et al. 2011) 
AFD 
Allele Frequency Difference: Detects positive selection as the difference between allele 
frequencies of two populations, specifically used as Sliding Window Average Difference (SWAD) 
for a set of adjacent SNPs by averaging the absolute values of AFDs calculated along the genome. 
(Hayes et al. 2009; Hosokawa et 
al. 2012) 
FST 
Fixation Index (Population differentiations): Detects both newly arising and pre-existing variation 
under selection by measuring the allelic diversity between populations versus within population 
(Weir and Cockerham 1984; Akey et al. 2002; Nicholson et al. 2002; Weir and Hill 2002). 
(Barendse et al. 2009; Flori et al. 
2009; Gibbs et al. 2009; 
MacEachern et al. 2009a; Chan 
et al. 2010; Li et al. 2010; 
Qanbari et al. 2011; Porto-Neto 
et al. 2013; Edea et al. 2014; 
Kemper et al. 2014; Mancini et 
al. 2014; Pintus et al. 2014; 
Porto-Neto et al. 2014; 
Randhawa et al. 2014) 
BF 
Bays Factor: Detects divergence selection from Bayesian binomial frameworks for loci that show 
concordant differences in allele frequencies across populations (such as FST) with respect to specific 
aspects of the selective pressures (Beaumont and Balding 2004; Riebler et al. 2008). 
(Gautier et al. 2009) 
CLR 
Composite Likelihood Ratios: Detects selective sweeps by modelling the spatial (chromosome-
wise) distributions of allele frequency under the selection versus neutrality within a population, in 
addition, taking care for ascertainment bias, recombination rate and demography (Nielsen et al. 
2005). Recently, XP-CLR is used for across population analyses.  
(Gibbs et al. 2009; Lee et al. 
2014; Qanbari et al. 2014) 
CLL 
Composite Log Likelihood: Detects positively selected regions of the genome by comparing the 
frequencies of major (common) alleles for a set of contiguous loci between the samples of a unique 
sub-population and a larger panel of diverse populations.  
(Stella et al. 2010) 
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Test Description Bovine references 
HMM-
SFS 
Hidden Morkov Model - Site Frequency Spectrum: Detects positive selection within a 
population at regions of reduced heterozygosity by modelling the correlation structure between 
linked sites that uses site frequency spectrum and the spatial pattern of diversity among the 
sequence or polymorphism (Boitard et al. 2009). 
(Boitard and Rocha 2013; Druet 
et al. 2013) 
Low 
MAF 
Low Minor Allele Frequency: Detects complete selective sweeps within the population 
considering the cluster of adjoining loci carrying very low MAF (< 0.01). (Ramey et al. 2013) 
ΔDAF 
Change in Derived Allele Frequency: Detects positively selected new causal mutations as the 
difference in the derived (non-ancestral) allele frequencies between populations (Grossman et al. 
2010). 
(MacEachern et al. 2009a; 
Utsunomiya et al. 2013; 
Randhawa et al. 2014) 
ZHp 
Z-transformed Heterozygosity Value: Detects selective sweeps by counting alleles in a sliding 
window centred on a candidate SNP, then calculates heterozygosity scores (Hp) from the pool of 
samples from within a population (breed) and extreme (negative) Z-transformed Hp values 
represent reduction in heterozygosity in the candidate regions (Rubin et al. 2010). 
(Liao et al. 2013; Utsunomiya 
et al. 2013) 
VarLD 
Variation in Linkage Disequilibrium: Detects candidate regions under positive selection by 
comparing genome-wide LD variation between populations (Teo et al. 2009) and it is implemented 
in the varLD program (Ong and Teo 2010). 
(Perez OBrien et al. 2014) 
HAPH 
Haplotype Homozygosity: Detects strong positive selection (hard sweeps) by comparing the 
frequency of the core haplotype against the total number of haplotypes observed within the breed 
(population) that implements the neutrality tests based on the distribution of haplotypes under an 
infinite-site model (Depaulis and Veuille 1998; Kelley and Swanson 2008; Porto-Neto et al. 2013; 
Vitti et al. 2013; Choi et al. 2014; Perez OBrien et al. 2014). 
(Kemper et al. 2014) 
EHH 
Extended Haplotype Homozygosity: Detects positively selected regions carrying frequent 
haplotypes with unusually high long-range LD patterns within a population (Sabeti et al. 2002; 
Mueller and Andreoli 2004). 
(Prasad et al. 2008; Wiener and 
Gutierrez-Gil 2009; Chan et al. 
2010; Qanbari et al. 2010; Fan 
et al. 2014) 
REHH 
Relative EHH: Detects evidence of recent selection on relatively high frequency haplotypes within 
a population by comparing the EHH of the tested core haplotype to that of other core haplotypes 
present at a locus to correct for local variation in recombination rates (Sabeti et al. 2002). 
(Qanbari et al. 2010; Glick et al. 
2012; Fan et al. 2014) 
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Test Description Bovine references 
XP-EHH 
Across Population EHH: Detects selective sweeps by comparing EHH across populations in 
which selected alleles (at core haplotypes) have risen to near fixation in one but not all populations 
(Sabeti et al. 2007). 
(Noyes et al. 2011; Rothammer 
et al. 2013; Lee et al. 2014; 
Randhawa et al. 2014) 
iHS  
Integrated Haplotype-homozygosity Score: Detects evidence of recent positive selection at a 
locus based on the differential levels of LD surrounding a positively selected (derived) allele (at 
intermediate frequencies) compared to the background (ancestral) allele at the same position within 
a population  (Voight et al. 2006). 
(Hayes et al. 2008; Gibbs et al. 
2009; Hayes et al. 2009; Gautier 
and Naves 2011; Qanbari et al. 
2011; Flori et al. 2012; 
Schwarzenbacher et al. 2012; 
Kim et al. 2013; Utsunomiya et 
al. 2013; Kemper et al. 2014; 
Qanbari et al. 2014) 
iES 
Integrated extended haplotype homozygosity at SNP site: Detects recent positive selection by 
finding lower levels of EHH decay, by estimating locus-wise (overall rather than a particular allele) 
haplotypic homozygosity over a two-way distance each SNP site, using a counting algorithm 
implemented to genotypic (non-phased) data at within a population (Tang et al. 2007) . 
(Lim et al. 2013) 
Rsb 
Across Population iES: Detects recent selection on completely or nearly fixed selective sweeps by 
comparing the single locus iES associated with the same site and genomic region across 
populations  (Tang et al. 2007) . Rsb and XP-EHH are based on similar assumptions to target 
haplotype decay, so they can be substituted.  
(Gautier and Naves 2011; Flori 
et al. 2012; Utsunomiya et al. 
2013) 
Meta-SS 
Meta-analysis of Selection Signals: Detects evidence of recent positive selection in common 
variations by combining P-values obtained from Gaussian cumulative distribution function of 
ΔDAF, Rsb, iHS and ZHp tests. 
(Utsunomiya et al. 2013) 
CSS 
Composite Selection Signal: Detects positively selected genomics regions carrying highly 
differentiated loci and underlying variants hauling excess haplotype homozygosity in the samples of 
a target population versus phenotypically contrasting populations using the rank distribution 
approach to unify the multiple pieces of selection evidence from FST, ΔDAF and XP-EHH tests. 
(Randhawa et al. 2014) 
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2.4 MSS maps of cattle 
A meta-assembly was constructed by computing MSS for 4 groups and 24 breeds where 
published results were available from multiple studies (k ≥ 2). Moreover, the selection 
signatures from an additional 19 breeds (Figure S2.6), where only a single study (k = 1) was 
available, contributed to the group-wise MSS only. 
A weighted ܵܵ from an individual study can contribute a maximum value of 3, when the 
DNA samples were completely independent and the significance threshold was in the top 
0.1%. Hence, a MSS value above 3 represents a selection signature detected more than once 
(i.e., independently validated). A higher magnitude of the MSS at a genomic position shows 
the consistency of a selection signature across studies for within a breed or within a group. 
2.4.1 MSS maps of cattle groups 
Meta-assemblies of European (k = 32), Zebu (k = 9), African (k = 6) and composite (k = 4) 
groups were constructed from multiple (k) studies (Figure 2.2). A comparison of MSS and 
individual published signatures of selection (showing their origin from studies, breeds, 
selection tests, SNP panels and significance thresholds) is presented for each chromosome 
of European group (Figure S2.7). Overall peaks with extreme MSS in a meta-assembly map 
identify the hotspots of positive selection within cattle groups (Figure 2.2).  
In the European group, the meta-assembly shows that the significant signatures of selection 
have been detected across the whole genome. To find genome-wide coverage of published 
signatures of selection, the bovine genome was divided into 1 Mb non-overlapping 
windows. More than 90% of the 1 Mb windows contained a published signature of 
selection, and a maximum gap of 4.47 Mb between the consecutive genomic regions under 
selection was observed on bovine autosome (BTA) 1. Moreover, major peaks above the top 
5% (MSS ≥ 41.4) of the meta-assembly were located on BTA-2, BTA-5, BTA-6, BTA-7, 
BTA-14, BTA-16, BTA-18 and BTA-20. In addition, most of the chromosomes harbour 
prominent peaks within the top 25% (MSS ≥ 24.3), except BTA-15 and BTA-23, which 
have their top peaks above 50% (MSS ≥ 17.5).  
On the other hand, because of limited number of investigations and breeds of Zebu, African 
and composite cattle, the genome coverage in these groups was very limited. In the Zebu 
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group, major MSS peaks in the top 5% (MSS ≥ 7.8) were located on BTA-2, BTA-5, BTA-
14, BTA-16 and BTA-18. In the African group, the MSS peaks in the top 5% (MSS ≥ 4.8) 
were located on BTA-1, BTA-6, BTA-7, BTA-11, BTA-14 and BTA-19. In the composite 
group, two peaks of MSS in the top 5% (MSS ≥ 8.1) were located on BTA-2 and BTA-13. 
In addition, there were several genomic regions in Zebu, African and Composite groups 
where the signatures of selection have been validated (MSS > 3) across multiple studies. 
2.4.2 MSS maps of cattle breeds 
Figure 2.3 shows the meta-assembly of 10 breeds, each constructed from at least 5 studies. 
Additional analyses for 14 breeds, each of those comprised less than 5 (2 – 4) studies to 
compute MSS, are shown in Figure 2.4. Overall, the meta-assemblies of these 24 breeds 
have been constructed using signatures of selection from 2 to 17 studies (Table S2.3).  
Holstein (k = 17) and Angus (k = 10) breeds, in particular, were investigated using a wide 
range of selection tests. Figures S2.8 and S2.9 for Holstein and Angus, respectively, 
illustrate the chromosome-wide distribution of study-wise results, tests of selection, SNP 
density and significance thresholds.  
Overall, the breed-specific meta-assemblies show that several genomic regions have been 
consistently detected within and across breeds. However, only 15 of the 24 breeds showed 
validation (MSS > 3) of selection signatures across independent studies. Lack of 
consistency was seen in the breeds with limited studies (k ≤ 3), for example, Guernsey, 
Murray Grey, Norwegian Red, Santa Gertrudis and Shorthorn (Table S2.3). Moreover, the 
reported signatures of selection at the lower levels of the significance threshold did not 
achieve validation (MSS > 3) of selection signatures in some breeds. Lack of validation was 
more pronounced in African and Zebu breeds, for instance, no instance of MSS > 3 was 
found for Brahman (k = 4), NDama (k = 2), Nellore (k = 5) and Sheko (k = 2).  
The 15 breeds with validated signatures of selection have shown the major peaks on BTA-6, 
BTA-14, BTA-16 and BTA-18. The regions underlying the top peaks on these 
chromosomes harbour several major genes, which have been targeted for several important 
traits. In general, the span of the top MSS within breeds and groups were inconsistent. The 
span of each peak varied depending upon the number of studies that reported signatures of 
selection within the sliding window. 
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Figure 2.2: Meta-assembly of selection signatures in four groups within European, Zebu, African and Composite breeds of cattle. Chromosome-
wise plots comparing meta-assembly and published selection signature regions across 32 studies in European breeds of cattle are shown in 
Figure S2.7 to provide detailed overview. 
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Figure 2.3: Meta-assembly of selection signatures of Holstein, Brown Swiss, Jersey, Angus, Charolais, Hereford, Limousin, Hanwoo, Gir and 
Nellore cattle. Figure S2.8-S2.9 shows chromosome-wise plots of Holstein and Angus providing the detailed overview of MSS. 
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Figure 2.4: Meta-assembly of selection signatures of Brahman, Simmental, Guernsey, Piedmontese, Shorthorn, Belgian Blue, Braunvieh, 
NDama, Santa Gertrudis,  Murray Grey, Romagnola, Norwegian Red, Sheko and Fleckvieh. 
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2.4.3 Effect of sliding windows span on MSS 
Figure 2.5 compares a detailed analysis of the most important MSS peaks localizing classic 
selective sweeps in the European, Angus and Holstein meta-assembly by using 5 Mb and 2 
Mb sliding window spans. The smaller (2 Mb) sliding window spans provides a narrow 
MSS peak around the candidate gene regions. However, the power of the meta-assembly 
analyses to fine map the hotspots of selection depends upon the number of available studies. 
Hence, using a smaller window size can have profound effect at the genomic regions 
harbouring putative sweeps investigated in fewer studies. For example, out of the 24 cattle 
breeds analysed, the magnitude of MSS using 5 Mb spans in the genome-wide distribution 
of nine breeds have not been found above the minimum validation value (MSS = 3). Using 
the smaller window spans (1 – 2 Mb) can eliminate further breeds that have been 
investigated in fewer studies and show prominent (MSS > 3) peaks using larger (5 Mb) 
spans. 
2.4.4 Genomic regions under selection across groups and breeds 
All peaks above the validation value of MSS > 3, using the 5 Mb sliding windows, were 
used to report the genomic regions under selection within each group and breed. The first 
and last positions of each peak were used to define the boundaries of putative regions. In 
general, all peaks were clearly separated from each other within the groups and breeds. 
However, because of the high density and large number of published signatures of selection 
for the European group and Holstein breed, several consecutive peaks were found combined 
at MSS > 3. Therefore, the boundaries of genomic regions under selection in European and 
Holstein meta-assembly were defined where consecutive peaks intersect each other. 
Moreover, a further ~2.5 Mb distance was also excluded considering that using the 5 Mb 
sliding windows incorporate weighted SS from both peaks. This approach of defining 
boundaries for consecutive peaks in other breeds was also implemented, if they found 
overlapping.  
Overall, 931 prominent peaks of clustered MSS were detected for the 4 groups and 15 
breeds. Complete list of prominent peak regions, MSS at the peak and the genes underlying 
each region is provided for each population (4 group and 15 breeds) in Table S2.4. As 
expected, based on the published studies on European cattle, there were 198 hotspots of 
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positive selection at prominent peak scores and their size range from 0.1 Mb up to 19 Mb. 
Moreover, because the European group’s meta-assembly is based on the published signature 
of selection across all European breeds, therefore, all of these peaks were found overlapping 
with scores derived from multiple breeds.  
Comparison between the 4 groups and 15 breeds showed that the 931 peaks were located 
within 250 hotspots of selection in the bovine genome (Table S2.4). The circos map 
illustrates the comparison between the prominent regions across the 4 cattle groups and 15 
cattle breeds (Figure 2.6). Most of the shared signatures of selection, in five or more breeds, 
were located on BTA-2, BTA-6, BTA-7, BTA-14, BTA-16, BTA-18 and BTA-20. 
Common genomic regions across various populations reveal historical selection shared 
between those cattle breeds, most likely due to geographical and commercial similarities 
(see section 2.5). Several of the important genes known for their role in some major traits 
have been labelled and a complete list of genes underlying each region within breeds and 
groups is provided in Table S2.4. Nevertheless, the number of genes within each hotspot of 
selection varied due to the variable gene density in the bovine genome (Figure 2.6). 
2.4.5 Comparison of meta-assembly and gene density 
To align the prominent regions with gene density, the number of genes within 1 Mb spans 
were counted along the genome. On average, bovine genome contains approximately 9 
genes per Mb and 7.5% of total 1 Mb regions are without any genes. A chromosome-wise 
comparison of meta-assembly and gene density for the European group shows that 
signatures of selection have been detected in gene-dense as well as gene-poor regions 
(Figure S2.10). Using the spans of prominent peaks, we also compared genome-wide 
average gene density against the number of genes in each prominent region (Table S2.4). 
Many hotspots of selection localized in genomic regions with medium-to-high gene density. 
However, some prominent peaks within low-to-medium density genic regions indicate that 
selection targeted a few or single genes of major effects, for example, MSTN (BTA-2), 
ABCG2 (BTA-6), NCAPG-LCORL (BTA-6), PLAG1-CHCHD7 (BTA-14), and GHR 
(BTA-20). Inferring the candidate genes underlying signatures of selection at high gene-
density regions is challenging. Patterns of genetic diversity implicating strong selective 
sweeps may have been generated by a cumulative effect of selection acting on multiple 
genes, for example, the regions identified in multiple populations at chromosome 5, 7 and 
16 (Figure 2.6, Figure S2.10). 
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Figure 2.5: Meta-selection-scores (MSS) in European group, Holstein and Angus highlighting 
classic selective sweeps on various chromosomes. The left (A, C, E, G) and right (B, D, F, H) 
panels show chromosome-wise MSS using 5 Mb and 2 Mb sliding window spans, respectively. 
A-B: Chromosome 6 of European group highlighted at ABCG2, LAP3, NCAPG and LCORL 
genes located between 37.95-39.00 Mbp (blue bar) and at PDGFRA and KIT genes located 
between 71.37-71.42 Mbp (red bar). C-D: Chromosome 14 of European group highlighted at 
DGAT1 (1.69-1.96 Mbp; blue bar), TG (9.26-9.51 Mbp; green bar) and PLAG1-CHCHD7 
(25.00-25.06 Mbp; red bar) region. E-F: Chromosome 16 of Angus highlighting span (44.45-
45.88 Mbp) between NMNAT1 to RERE genes (blue bar).  G-H: Chromosome 20 of Holstein 
highlighting GHR region at 31.89-32.07 Mb (blue bar). Complete set of chromosome-wise MSS 
along with underlying published results are also shown in supplementary files for European 
(Figure S2.7), Holstein (Figure S2.8) and Angus (Figure S2.9) meta-assemblies, respectively.  
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Figure 2.6: Circos image of hotspots of selection signatures captured in the meta-assembly of cattle 
breeds and groups. Inner circle shows the ideogram of bovine chromosomes (29 autosomes). The 
circle labelled as “Gene density” shows distribution of bovine genes on each chromosome that 
ranges 0-80 genes/Mb (Figure S2.10 shows high-resolution comparison of MSS and genes per Mb 
in European group). The circles labelled as “Breeds” and “Groups”, show the location of prominent 
regions in the cattle breeds and groups represented with the unique colours as shown in the bottom 
and middle legends, respectively. The clustered dots, within a locus, located on top of each other 
represent shared selection signatures across the breeds and groups, each of which has been validated 
in multiple investigations. The outer track shows genomic locations of a few major genes underlying 
the outstanding peaks representing classic selective sweep regions in the meta-assemblies. Complete 
list of prominent regions, localized top MSS and underlying genes within the breeds and groups of 
cattle is shown in Table S2.4. 
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2.5 Signatures of historical selection in cattle 
Meta-assembly shows some very strong and congruent signatures of selection in multiple 
breeds for historically selected traits, such as polledness, double muscling, coat colours and 
bovine stature. Several additional genomic regions harbour genes for traits with complex 
selection history, such as adaptation, reproduction, growth, and high performance of dairy 
and beef production. Interestingly, some genomic regions have been implicated for selective 
constraints on multiple genes of different traits. The prominent genes underlying strong 
selective sweeps, which are depicted by outstanding peaks in the meta-assembly maps, are 
annotated in Figure 2.6. This section presents an overview of the traits and genes that have 
experienced long-term selective breeding.  
2.5.1 Examples of genes and traits linked to strong selective sweeps in cattle 
The POLL locus at the high gene density proximal end of BTA-1 is associated with horn 
development (Mariasegaram et al. 2012; Medugorac et al. 2012; Seichter et al. 2012; Allais-
Bonnet et al. 2013). The strong positive selection in multiple breeds for naturally polled 
animals have swept the functional mutation in the region to fixation in several European 
breeds (Matukumalli et al. 2009; Li et al. 2010; Stella et al. 2010; Flori et al. 2012; Seichter 
et al. 2012; Druet et al. 2013; Ramey et al. 2013; Rothammer et al. 2013; Randhawa et al. 
2014). In Zebu, the complex nature of inheritance suggests additional loci may be involved 
in horn development, however, a diagnostic marker at the POLL locus shows its dominance 
impact for polledness (Brenneman et al. 1996; Mariasegaram et al. 2012). 
The bovine myostatin (MSTN, AKA GDF8) gene on BTA-2 develops the muscular 
hypertrophy (known as double muscling) and strong selective pressure has escalated the 
allele frequencies of functional mutations because of its economical imporatnce in beef 
breeds (Marchitelli et al. 2003; Wiener and Gutierrez-Gil 2009; Georges 2010; Stinckens et 
al. 2011; Wiener and Wilkinson 2011). Hence, classic selective sweeps are extensviely 
found harbouring the MSTN gene in several genome-wide scans in beef catlle (Gibbs et al. 
2009; Wiener and Gutierrez-Gil 2009; Boitard and Rocha 2013; Druet et al. 2013; Pintus et 
al. 2013; Ramey et al. 2013; Randhawa et al. 2014) . 
Chapter 2 
34 
 
The KIT (BTA-6) and MC1R (BTA-18) genes stipulate breed-specific colours in a 
polygenic inheritance pattern in cattle (Guastella et al. 2011; Schmutz and Dreger 2013; 
Hulsman Hanna et al. 2014) and other species (Andersson and Georges 2004; Fang et al. 
2009; Wong et al. 2012; Haase et al. 2013; Hauswirth et al. 2013). The KIT locus has been 
under strong selection to control white-spotting in multiple cattle breeds (Stella et al. 2010; 
Druet et al. 2013; Porto-Neto et al. 2013; Ramey et al. 2013; Rothammer et al. 2013; 
Mancini et al. 2014; Qanbari et al. 2014). Whereas, the MC1R locus strongly selected for 
coat-colour patterns that mediates the dark (black or brown) and light (yellow or red) shades 
via melanogenesis in cattle (Flori et al. 2009; Liu et al. 2009; Stella et al. 2010; Druet et al. 
2013; Pintus et al. 2013; Porto-Neto et al. 2013; Ramey et al. 2013; Rothammer et al. 2013). 
The KIT neighbouring (PDGFRA and KDR) genes have also been considered under 
selection for their role in reproduction (Flori et al. 2009; Gautier and Naves 2011; Pintus et 
al. 2013). 
The NCAPG-LCORL (BTA-6) and PLAG1-CHCHD7 (BTA-14) gene regions harbour 
functional variant for polygenic trait of stature, which have very high heritability (Lanktree 
et al. 2011; Kemper and Goddard 2012). Historical evidence shows that bovine ancesters 
(aurochs) had very large stature, and that initial selection decreased the height during the 
Middle Ages (Zeder 2008), and then reverse selection occured after the 17th century to 
increase bovine stature (Ajmone-Marsan et al. 2010). Several variants at NCAPG-LCORL 
and PLAG1-CHCHD7 loci have been inferred as candidates for skeletal, carcase, growth 
and height related traits in cattle (Karim et al. 2011; Lindholm-Perry et al. 2011; Pryce et al. 
2011; Littlejohn et al. 2012; Nishimura et al. 2012; Fortes et al. 2013; Hoshiba et al. 2013) 
and other mammal species (Lango Allen et al. 2010; Rubin et al. 2012; Signer-Hasler et al. 
2012; Hoshiba et al. 2013; Tetens et al. 2013). Selection signatures have been consistently 
localized at the NCAPG-LCORL region (Barendse et al. 2009; Flori et al. 2009; Gibbs et al. 
2009; Hayes et al. 2009; Chan et al. 2010; Qanbari et al. 2010; Stella et al. 2010; Druet et al. 
2013; Pintus et al. 2013; Porto-Neto et al. 2013; Rothammer et al. 2013; Kemper et al. 
2014; Mancini et al. 2014; Randhawa et al. 2014).  
2.5.2 Examples of genes underlying traits with complex selection histories 
Signatures of selection for adaptation are mainly attributed to tolerance in new climates, 
feed resources and resistance to different disease agents in various cattle breeds. The 
changes in genetic aspects of behavioural control for new adaptations, from survival to 
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thriving, and using available resources, have also been detected under positive selection in 
several populations of African and European taurines (Gautier et al. 2009; Gibbs et al. 2009; 
Qanbari et al. 2010; Stella et al. 2010; Ramey et al. 2013).  Hence, the low gene density 
genomic regions harbouring genes (e.g., R3HDMI, ZRANB3; BTA-2) for feed efficiency 
have shown the impact of selective forces (Barendse et al. 2009; Gibbs et al. 2009; Gautier 
and Naves 2011; Qanbari et al. 2011; Pintus et al. 2013). Additional unique regions were 
also found under selection for controlling several physiological functions related to tropical 
climatic and pathogenic adaption in African and Zebu breeds. For example, the slick hair 
coat locus (BTA-20) for thermotolerance in Senepol (Flori et al. 2012), Trypanotolerance  
related trait loci (CXCR4 on BTA-2, HTR3 on BTA-7) in African (Dayo et al. 2009; Gautier 
et al. 2009; Noyes et al. 2011) and, tick (NDUFA12 on BTA-3, NDUFA9 on BTA-5 and 
NDUFAF1 on BTA-10) and heat resistance (HSP14 on BTA-13 and HSPB9 on BTA-19) 
genes in Zebu (Chan et al. 2010; Liao et al. 2013).  
A strong selective sweep at a region on BTA-14 harbouring PLAG1 gene, associated with 
stature, is also associated with fertility traits (Porto-Neto et al. 2013; Khatkar et al. 2014). 
Similarly, breeds selected for high beef production also highlight the underlying selection 
for fertility traits, such as gamete generation, embryo development, and spermatogenesis 
(Qanbari et al. 2011). Such selective sweeps are results of commercialization of farm 
animals in the recent past by implementation of genetic improvement programs for the core 
production traits to achieve maximum performance and to minimize the non-productive life 
spans that generally relate to reproductive inefficiencies.  
Candidate genes on BTA-6 (ABCG2, Casein cluster), BTA-7 (SAR1B, HBEGF), BTA-14 
(DGAT1), BTA-16 (AGTRAP, KIF1B) and BTA-20 (GHR) have been consistently localized 
under strong selective sweeps in multiple dairy breeds (Figure 2.6). Identified selection 
signatures in cattle show that selective forces operated on genetic architecture controlling 
the physiological and anatomical structure of mammary glands and quantity and quality of 
various milk components. Dairy production has been attributed to the cultural revolution 
providing an important source of human food (Capuco and Akers 2009) along with 
influencing the human genome for selective adaptation for tolerance to lactose in response 
to domestication of cattle (Tishkoff et al. 2007; Lemay et al. 2009a; Lemay et al. 2009b; 
Tellam et al. 2009). The selective pressures on these genes vary depending upon their 
functional importance in cattle. For instance, the casein genes (CSN1S1, CSN2, CSN1S2 and 
CSN3) perform major roles in milk protein quality, however, only limited genetic evidence 
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for positive selection has been presented (Qanbari et al. 2010; Lee et al. 2014). On the other 
hand, ABCG2, DGAT1 and GHR are consistently found under selection signatures and are 
investigated in further detail. The ABCG2 has been found involved in milk yield and 
composition (Cohen-Zinder et al. 2005; Olsen et al. 2007; Lillehammer et al. 2008; 
Braunschweig 2010) and a differential expression finds it as lactation regulator (Sheehy et 
al. 2009). Similarly, for dairy production, the DGAT1 (Bernard et al. 2002; Schennink et al. 
2007) and GHR (Banos et al. 2008; Flori et al. 2009; Rothammer et al. 2013) are also strong 
candidate genes for major effects on milk yield and composition and the regional QTLs and 
strong selection signatures have been found to coincide in multiple cattle breeds (Khatkar et 
al. 2004; Khatkar et al. 2014).  
Thyroglobulin (TG) gene on BTA-14 (Figure 2.6) – responsible for meat tenderness or 
intra-muscular fat distribution (Bennett et al. 2012) – has been captured underlying the 
signatures of selection in multiple breeds and groups of cattle (Gautier et al. 2009; Hayes et 
al. 2009; Druet et al. 2013; Kim et al. 2013; Liao et al. 2013; Porto-Neto et al. 2013; 
Rothammer et al. 2013; Edea et al. 2014; Fan et al. 2014; Perez OBrien et al. 2014). 
Signatures of selection of some beef-specific traits – vital in shaping the beef breeds – 
include intra-muscular fat content (Barendse et al. 2009; Gibbs et al. 2009; Boitard and 
Rocha 2013; Rothammer et al. 2013), muscle formation (Wiener and Gutierrez-Gil 2009; 
Qanbari et al. 2011; Boitard and Rocha 2013; Druet et al. 2013; Pintus et al. 2013; Ramey et 
al. 2013), body composition and carcass yield (MacEachern et al. 2009a; Hosokawa et al. 
2012; Rothammer et al. 2013; Utsunomiya et al. 2013). Feed efficiency (as discussed 
above) has been associated with intensive selective breeding for beef production and 
signatures of population differentiation have been detected in several breeds (Barendse et al. 
2009; Gibbs et al. 2009; Gautier and Naves 2011; Qanbari et al. 2011; Pintus et al. 2013).  
2.5.3 Examples of genomic regions selected for multiple traits  
The colour (KIT) and dairy (ABCG2) associated genes co-localize with other genes related 
to reproduction and bovine stature, respectively on BTA-6 (Kemper et al. 2014). In 
addition, there are gene-rich regions on BTA-7 (41-55 Mb) and BTA-16 (40-50 Mb) 
harbouring several tightly clustered MSS for multiple traits, thus provide an important 
information observation about the bovine genome. In these regions, the significant 
signatures have been implicated for different traits and explained to arise from multiple 
events of selective events  
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On BTA-7, the region comprise of several candidate genes between MGAT1 and FGF1 
(Figure 2.6). Both of these genes implicated with reproduction traits, due to their role in 
fertilization and subsequent embryonic development and growth (Qanbari et al. 2011). 
Additional genes, PCSK4 (Perez OBrien et al. 2014) and SPOCK1 (Gibbs et al. 2009; 
Porto-Neto et al. 2013) perform key functions in fertility, also considered important 
candidates of reproduction traits. On the other hand, SAR1B (Larkin et al. 2012) and 
HBEGF (Stella et al. 2010), underlying a selective sweep located in the centre of the region 
identified in high producing dairy breeds (Figure 2.6), and the gene functions include milk 
production and disease resistance. A set of additional genes, including HSPA9, CD14, 
ARAP3 (CENTD3) and multiple members of PCDH, in this region are also implicated in 
multiple investigations for their range of functions related to immune response (Gautier and 
Naves 2011; Porto-Neto et al. 2013; Utsunomiya et al. 2013; Perez OBrien et al. 2014).  
On BTA-16, the AGTRAP gene is involved in the functioning of mammary glands and has 
been implicated for dairy production (Stella et al. 2010). Similarly, at the nearby location, 
the KIF1B gene was identified under strong selection in dairy Holstein cattle (Flori et al. 
2009). At the closest flanking region, NMNAT1 (Qanbari et al. 2011) and RERE (Ramey et 
al. 2013) genes were localized as candidates of positive selection for embryonic growth and 
reproductive development. In addition, highly differentiated loci and extended haplotype 
homozygosity underlain SLC25A33 and SLCC45A1 genes in the region were characterized 
for their important role in immunity related to tropical adaptation (Chan et al. 2010). 
Similarly, selective sweeps localizing PIK3CD and SPSB1 genes were also implicated for 
recent selection pressures that underlies immune response and immune regulation, 
respectively (Ramey et al. 2013).  
2.6 Challenges in identification of selection signatures  
Critical factors that may influence the accuracy of individual studies and consequently the 
meta-assembly, are confounding effects of genomic architecture within each breed (shaped 
by genetic drift, demographic effects, recombination rate, and age and type of selection) and 
methodological biases (sample size, ascertainment schemes, density and distribution of 
SNPs, power of the tests of selection, null distribution for significance threshold and 
selection models). Besides selective constraints, different demographic (non-selective) 
forces such as population size and gene flow generate the patterns of population’s genetic 
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diversity (Wiener and Wilkinson 2011). Moreover, distinguishing the inferences for 
selection and demography of a population is challenging (Thornton et al. 2007). Hence, the 
population history of current breeds may incur a lot of convolution to the investigation of 
genomic history, i.e., patterns of genetic diversity (Kelley et al. 2006; Granka et al. 2012; 
Fagny et al. 2014). In human, different demographic scenarios mimicked identity of 
hitchhiking patterns, which is proving the importance of estimates of the underlying 
demographic model to implicate accurately the genomic regions for a selection event (Crisci 
et al. 2012). In cattle, geographically isolated evolution and domestication, introgression, 
co-ancestry, admixture, migration, bottlenecks, inbreeding, and variable population sizes 
have complicated the insights of cattle history (Hanotte et al. 2000; Zeder 2008; Dayo et al. 
2009; Decker et al. 2009; Gibbs et al. 2009; Hayes et al. 2009; MacEachern et al. 2009a; 
Gautier et al. 2010; Gautier and Naves 2011; McTavish et al. 2013; Stock and Gifford-
Gonzalez 2013). Incorporating this knowledge into selection models could help differentiate 
the true positive selection from that of confounding patterns of genetic drift arising from 
non-selective forces of primeval demography. Combining different populations/breeds 
based on similar phenotype can help to detect trait specific signatures of selection (Chapter 
3; Chapter 4). 
The genetic polymorphism data quality also affects across the population genetic inferences 
(Nielsen and Signorovitch 2003; Nielsen 2004; Nicholas 2006; Ayers et al. 2007; Achaz 
2008; Boitard et al. 2009). In cattle, ascertainment bias has occurred for the African and 
Zebu cattle because the development of various genotyping assays (e.g., Illumina SNP50 
BeadChip) were used in several European breeds (Matukumalli et al. 2009). In addition to 
under-representation of rare variants in genotyped samples of the non-European cattle 
breeds (Qanbari and Simianer 2014), the consequences of ascertainment bias include 
limited SNP density. Multiple studies have reported limited set of polymorphic SNPs in the 
African and Zebu breeds as compared to the European data (Decker et al. 2009; Gautier et 
al. 2009; MacEachern et al. 2009a; Chan et al. 2010; Gautier et al. 2010; Gautier and Naves 
2011; Ramey et al. 2013; Randhawa et al. 2014). Genome-wide low density and 
inconsistent distribution of genotypic panels may produce false results and can have a 
strong influence on the population genetic procedures being used to estimate selection 
signatures. Recently, Heslot et al. (2013) suggests that increasing the marker density may 
reduce the effects of ascertainment bias and increase the accuracy of genetic diversity 
estimates. Hence, appropriate approaches should be implemented for the individual study 
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data to correct the ascertainment bias, for example, Flori et al. (2009) employed imputation 
under a selectively neutral model. Combining data from different resource populations, as 
described in subsequent chapters of this thesis, can provide more power to detect selection 
signatures. 
In general, parameters of selection are inferred using estimates based on site frequency 
spectrum, population differentiation and haplotype length (extend of LD), see Table 2.2 
(Kelley and Swanson 2008; Crisci et al. 2012; Vitti et al. 2013). Several approaches 
implement these estimators by comparing genetic diversity within or across population and 
across species to detect various types (modes) and age (time-frame) of selection (Oleksyk et 
al. 2010). Two major modes of selection (positive and balancing) can be easily 
distinguished by most of the basic estimates of selection (Hurst 2009; Hohenlohe et al. 
2010), which have been extensively implemented in cattle (Table 2.2). Nevertheless, there 
are several challenges related to various tests (Novembre and Di Rienzo 2009; Nei et al. 
2010), and use of inappropriate approaches provide misleading conclusions (Hohenlohe et 
al. 2010). Notably, because of the varying levels of statistical power, consistency of results 
across various tests of selection using common datasets is limited (Crisci et al. 2012; Fan et 
al. 2014). For example, the genotype (FST) and haplotype (iHS) based estimates detect 
selection signatures at different genomic regions in cattle (Qanbari et al. 2011). The single 
marker (genotype) based estimates, in general, are constrained being sensitive to 
ascertainment bias and have several limitations (Wray et al. 2013). On the other hand, 
haplotypes are based on patterns at multiple SNPs and, therefore, haplotype based estimates 
of selection are less sensitive to ascertainment schemes of SNP discovery for the genome-
wide panels. 
Selection tests are generally criticized for their sensitivity to variable sample sizes and lack 
of standardized thresholds to declare significant (outlier) loci. Adequacy of the sample size 
can be established by the effective population size and SNP density that can capture 
maximum genetic diversity for the population under investigation. Various investigations 
have provided the range of sample size to be sufficient to detect regions under positive 
selection for beneficial traits being carried out by applying various measures including 
allele and haplotype frequencies and extent of LD (Voight et al. 2006; Pickrell et al. 2009). 
These studies suggest that some of the commonly used selection tests (FST, XP-EHH) have 
reasonable power for the available genetic resources of cattle. However, the breeds 
genotyped by low-density SNP panels are likely to provide less reliable results. Recently 
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available high-density genotypic data for limited sample size enable high power to the 
selection tests, such as FST (Willing et al. 2012), however, substantial decline in power still 
occurs for rare genetic variants (Zeggini et al. 2005; Bhatia et al. 2013). Approaches of 
combining different tests into a single index, such as CSS (Chapter 3), can overcome some 
of the limitations of individual tests.  
The lack of null distributions for various selection tests leads to using variable significance 
levels across multiple studies that may fail to detect truly positive signatures of selection. 
Generally, estimates of across-population differences in allele and haplotype frequency 
imply selection using the so-called outlier loci using an arbitrary cut-off (Kelley et al. 2006; 
Hancock and Di Rienzo 2008), however, the lack of empirical evidence supporting this 
assumption spawn criticism (Nei et al. 2010; Nosil and Feder 2012). The genomic regions 
experiencing mild selective pressure are not detectable by the outlier approaches 
(Novembre and Di Rienzo 2009). On the other hand, demographic effects, the frequent 
occurrence of cold spots of recombination and chromosomal rearrangements (inversion) in 
the genome can dominate the outlier distribution and confound selection (O'Reilly et al. 
2008; Vitti et al. 2013). The complex demography and evolutionary diversity of cattle still 
pose a challenge to be dealt to control false positive selection signatures (Rothammer et al. 
2013).  
2.7 Challenges related to meta-assembly 
The biases associated with the challenges of individual selection signature investigation 
have direct impact upon the computation of meta-scores. For example, several common 
regions of selection that have been identified between the European, African and Zebu 
breeds, show outstanding peaks in the breed-type groups (Figure 2.2), indicating the impact 
of reference populations being used. It appears that most of these common regions have 
originated from the European breeds, however, because of non-directional presentation of 
the results from selection tests, such as FST, have declared those regions significant in non-
European breeds as well. The results from such tests of selection should be interpreted with 
care and within the context by entailing the evidence of direction of selection. Moreover, 
the selection tests (FST, VarLD etc.) that lack the direction of selection should be 
implemented within the breed-types and analyses performed using breeds across the breed-
types should be interpreted as demographic rather than selection signatures. The potential 
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sources of additional bias may be due to factors including; across study variation in the 
sample sizes, SNP chip assay and SNP density, selection tests, post-analyses transformation 
of result (smoothing, clustering etc.), lack of the magnitude of individual selection scores 
and provision of full or partial lists of significant regions. With the available information 
about published selection signatures, it is not possible to account for any of the additional 
factors. Nevertheless, this meta-assembly provides a framework for alleviating some of the 
limitations of individual study and provides consensus regions under selection pressure. 
Future investigations would account for the pitfalls outlined above and provide the required 
information, subsequent methodological improvements to the computation of meta-scores 
can be possible.  
2.8 Insights from meta-assembly 
This study implements a novel approach to infer hotspots of positive selection in the bovine 
genome by using diverse set of published selection signatures across worldwide cattle 
breeds. The approach of computing meta-scores and construction of a meta-assembly map 
of selection signatures can be widely used where conventional meta-analysis methods 
cannot be applied in scenarios similar to this study. The meta-assembly highlights several 
genomic regions of variable gene density where positive selection has been replicated 
within and across breed-populations. In general, MSS across multiple breeds show that 
selection has acted on candidate genes; however, the span of selection is generally wide 
because of LD and hitchhiking in the target regions. The hotspots of selection could be 
linked to various biological functions or co-regulators enriched across those breeds, 
especially related to adaptation (disease, climate, feed resources), appearance (polledness, 
coat colours) and production (milk, meat, fertility) traits, each of which have economic 
importance in various environments and production systems. Several regions harbouring 
candidate genes controlling major traits, e.g., coat colour (MC1R, KIT), stature (NCAPG, 
LCORL, PLAG1) and milk production (ABCG2, DGAT1, GHR) are consistently identified 
under strong selection in multiple breeds of cattle. There are also clearly strong selection 
signatures at some genomic regions, e.g., chromosome 7 and 16, where the associations for 
QTLs and functional variants of multiple traits have been localized. Overall, the genomic 
regions underlying prominent peaks of meta-scores provide the evidence of QTLs for the 
traits being constrained in cattle populations. Limited efforts for gene-networks and 
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functional analyses for the selectively differentiated regions across cattle breeds warrant 
extensive resources in future. 
Several pitfalls in construction of the meta-assembly originate from the limitation of 
individual studies on selection signatures and tests of selection. Ascertainment biases and 
introgression in the Zebu and African breeds resulted in lack of Zebu and African oriented 
selection signatures. Using FST or similar tests of selection, which lack directionality to 
point the population under selection, can lead to misleading interpretations about selection 
signatures. Another common reason of finding coinciding genomic regions under selection 
relates to the use of reference populations across the European, African and Zebu breeds. 
Moreover, most of the breeds tested for selection in non-European cattle, for example Zebu, 
are not representatives of overall breed-type. The investigated breeds (Brahman, Nellore, 
Gir etc.) might have experienced bottlenecks because the samples used in selection 
signature scans are from imported herds into non-native countries, that started from a few 
hundred, rather than representatives of the natural populations. To date, limited 
investigations on African and Zebu breeds are available; therefore, conclusions are limited 
since these studies are mostly underpowered for the two archetypes as compared to the 
European breeds. 
The selection tests, which were implemented in the cattle studies, have been established and 
validated by using the genomic data of other species, e.g., human. Therefore, some of the 
intrinsic problems can relate to the across-species differences in genetic architecture and 
demographic history. Establishing (fine-tuning) these tests with considering the 
demographic history of cattle, can fine scale the regions under selection. Nonetheless, there 
are several common phenomena of detecting selection signature between cattle and human. 
The span of the regions under selection is generally wide; however, most of the tests of 
selection, based on the extensively used outlier approaches, detect only a section of the 
candidate region. As there can be an enormous number of proxy SNPs around the causal 
variants, the overlap between various genome-wide selection scans that are in common is 
rare in both species. Low replication rate may point to high incidence of false positives, 
hence, validation data sets are required to exclude the rate of false positives, along with 
accounting for all the challenges causing confounding effects that generate false positive 
results. Notably, the bovine genome appears to be completely covered with selection 
signatures especially the group of European breeds.  
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Implementation of new approaches, such as a meta-assembly, can provide the insights to 
resolve the false and true positive regions under selection. The magnitude of the meta-score 
depends upon the span of sliding windows and the number of studies reporting the co-
located signals. Hence, given sufficiently available studies, the larger and smaller window 
spans can respectively elucidate the overall broad and fine-mapped functional regions for 
each selection signature. In the future, alternatives to the sliding windowing may be 
investigated by using model-based approaches such as a hidden Markov model or an 
autoregressive model (Boitard et al. 2009). Similarly, the meta-assembly approach can 
potentially be improved by incorporating additional measures, such the effects of sample 
size, as they become available from future research. 
2.9 Prospects for future studies 
Building on genome-wide selection scans needs to address the confounding factors related 
to demographic and sampling effects. Controlling for potential confounding factors in the 
data acquisition techniques and statistical designs are necessary for making accurate 
interpretations and implications. The ascertainment bias can be overcome with dense and 
uniform distributed SNPs available in the recently developed high-density SNPchip assays. 
Utility of the several current datasets can be further extended by combining them (Nicolazzi 
et al. 2014). In addition, imputation from lower to higher density SNP panels can be 
performed by using several approaches (Browning and Browning 2009; Daetwyler et al. 
2011; Khatkar et al. 2012), as implemented by Kemper et al. (2014) to increase sample size 
and SNP density. More recently, the advent of genome sequencing and ultra-high density 
SNP panels that are available at affordable cost, has provided potential resources to perform 
extensive scans for genome-wide selection signatures (Lee et al. 2013; Liao et al. 2013; 
Daetwyler et al. 2014; Qanbari et al. 2014) and collection of these data will be useful for 
across-breed investigations.  
New selection tests and robust approaches keep emerging to deal with potential challenges, 
hence, care should be invested while choosing applicable statistical tests with good power 
under the given selection models. A very recent attempt includes combing several (semi) 
independent estimates that increase power and resolution (Grossman et al. 2010; 
Utsunomiya et al. 2013; Randhawa et al. 2014), (Chapter 3). To that end, additional cattle 
genomic resources, e.g., availability of ancestral and derived allelic phasing from out-
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groups and available datasets (Decker et al. 2009; Matukumalli et al. 2009; Rocha et al. 
2014), further enable the robust estimates. Moreover, some of the across-breed estimates of 
selection can also perform better by using a reference panel from a pool of multiple breeds 
to generate a set of neutral genomes (Chapter 5). Establishment of approaches to define 
significance thresholds and null distribution of the statistical tests being used are required to 
minimize the false positives. In addition, given the limited power of previous approaches 
(Kemper et al. 2014), development of selection tests to detect genomic regions underlying 
complex traits (such as Chapter 4) is required to move ahead of classic selective sweeps in 
cattle. 
Recent investigations of the structural variation in cattle genome suggest that selective 
forces, in addition to the genotypic and haplotypic patterns, operate on the copy number 
variation (CNV) in candidate genes and can be helpful to characterize the effects of 
domestication, breed formation and artificial selection (Fadista et al. 2010; Liu et al. 2010; 
Hou et al. 2011; Choi et al. 2014). Hence, exploration of additional genomic features, such 
as CNVs as alternative targets of selection, can further help elucidate the prevalence of 
selection in the cattle genome (Kelley and Swanson 2008; Porto-Neto et al. 2013; Vitti et al. 
2013; Choi et al. 2014; Perez OBrien et al. 2014). Nonetheless, the role of other types of 
selection (e.g., standing, balancing) is also warranted to quantify the role of evolutionary 
forces in the genetic and phenotypic diversity of cattle. 
The ultimate objectives of genomic scans for evolving patterns of genetic diversity are to 
detect causative variants and its functional relevance to particular phenotypes. Use of the 
high-throughput assays for generating dense genotypes and genomic sequences will aid the 
fine mapping of candidate variants. Finally, functional analysis of the detected variants in 
the regions and genes under hotspots of positive selection will be an active area of future 
research to understand the biological significance of molecular components in the 
economical traits of adaptation, appearance and production in cattle.  
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2.10 Appendix of Chapter 2 
(The following tables and figures are provided in appendix: pages 173 to 312) 
 
2.10.1 List of supplementary tables 
 
Table S2.1: A summary of published studies using different polymorphism panels and 
partial scans on Bovine selection signatures. 
 
Table S2.2: Breed-wise data information about breed type, land of breed origin, country of 
sampling, DNA samples, SNPchip, SNPs, bovine assembly and selection tests for each 
published study. Breeds shown in bold have been used across multiple studies. 
 
Table S2.3: List of cattle breeds categorized for the number of available study-wise results 
from genome-wide scans of selection signatures. 
 
Table S2.4: List of regions under selection, validated across multiple studies, based on 
Meta-assembly of groups and breeds. 
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2.10.2 List of supplementary figures  
 
Figure S2.1A: Bovine population in top 20 countries (Brazil to Myanmar) of the World in 
2010-11 (pie chart) and population trends in the past 50 years (trend lines). Worldwide 
cattle population has increased from 930 to 1430 million heads (~ 50%) during the past 5 
decades.  
(Source: FAOSTAT: http://faostat.fao.org/site/573/DesktopDefault.aspx?PageID=573#ancor  
Updated: 16 January 2013, Accessed: 08 July 2013) 
 
Figure S2.1B: Bovine milk production in top 20 countries (USA to Colombia) of the World 
in 2010-11 (pie chart) and population trends in the past 50 years (trend lines). Worldwide 
cattle milk production has increased from ~ 300 to 600 million tonnes (~ 100%) during the 
past 5 decades.  
(Source: FAOSTAT: http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor  
Updated: 16 January 2013, Accessed: 08 July 2013) 
 
Figure S2.1C: Bovine beef production in top 20 countries (USA to Spain) of the World in 
2010-11 (pie chart) and population trends in the past 50 years (trend lines). Worldwide 
cattle meat (beef) production has increased from ~ 300 to 600 million tonnes (~ 100%) 
during the past 5 decades.   
(Source: FAOSTAT: http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor  
Updated: 16 January 2013, Accessed: 08 July 2013) 
 
Figure S2.1D: Bovine Hide Production (Tonnes) in top 20 countries (China to Kenya) of 
the World in 2010-11 (pie chart) and population trends in the past 50 years (trend lines). 
Worldwide cattle hide production has increased from ~ 4 to ~8 million tonnes (~ 100%) 
during the past 5 decades.   
(Source: FAOSTAT: http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor  
Updated: 16 January 2013, Accessed: 08 July 2013) 
 
Figure S2.2: Chromosome-wise length (million base-pairs or Mbp) of bovine genome 
assemblies (Btau3.1, Btau4.0, Btau4.6 and UMD3.1). 
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Figure S2.3: Chromosome-wise (x-axis) SNP density (y-axis) of various genotyping 
Bovine SNPchip assays; A: 10K, B: BHMC (mapped on Btau 3.1 and Btau 4.0), C: 50K 
(from two version, v1 and v2) and D: Illumina’s 800K and Affymetrix AFFXB1P (~700K 
but features for ~2.5 million SNPs). 
 
Figure S2.4: Plots of relationship matrix and weighting (DNA score) computed from 
studies that published selection signature using A) Holstein and B) Angus cattle. The ni 
shows total number of DNA samples for each breed from a particular study i. The list 
(numbers on y-axis) of studies for each breed is as follows;  
A) Holstein;  1: Druet et al. 2013, 2: Flori et al. 2009, 3: Gibbs et al. 2009, 4: Glick et al. 
2012, 5: Hayes et al. , 2009, 6: Hosokawa et al. 2012, 7: Kemper et al. 2014, 8: Kim et al. 
2013, 9: Larkin et al. 2012, 10: Lee et al. 2014, 11:MacEachern et al. 2009, 12: Pan et al. 
2013, 13: Porto-Neto et al. 2013, 14: Qanbari et al. 2010, 15: Qanbari et al. 2011, 16: 
Ramey et al. 2013, 17: Rothammer et al. 2013.  
B) Angus; 1: Druet et al. 2013, 2: Gibbs et al. 2009, 3: Hayes et al. 2009, 4: Kemper et al. 
2014, 5: MacEachern et al. 2009, 6: Perez OBrien et al. 2014, 7: Porto-Neto et al. 2013, 8: 
Qanbari et al. 2011, 9: Ramey et al. 2013, 10: Utsunomiya et al. 2013.  
 
Figure S2.5: Distribution of the size (Mb) of selection signature regions of cattle published 
in 37 studies. 
 
Figure S2.6: Genome-wide distribution of selection signatures of 18 breeds (Red Angus,  
Montbeliarde, Salers, Normande, Beefmaster, Belmont Red, Blonde dAquitaine, Italian 
Brown, Finnish Ayrshire, Galloway, Franken Gelbvieh, Senepol, Creole, Guzera, Wagyu, 
Anatolian Black, Illyrian Mountain Busa and Murnau-Werdenfelser), each of which have 
results available from a single published study. Hence, Meta-score cannot be computed for 
these breeds, however, these results have been used accordingly to the particular breed-type 
in various group-wise Meta-assemblies of European, Zebu, African and Composite breeds. 
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Figure S2.7: Comparison of Meta-assembly and signatures of selection regions on 29 
bovine autosomes (BTA) identified across 32 studies in European breeds of cattle. Top 
panel shows Meta-selection-scores (MSS) computed for the group of all European breeds. 
Lower panel shows location of published selection signature regions. Symbol and colour of 
each dot point represent selection test (symbols in the bottom legend) and candidate breed 
(European breed coloured legend on the left), respectively. In lower panel, the central or top 
(if given) score region is shown with a dot point and spans of extended regions are shown 
with a horizontal solid-line. Labels on right-hand side of lower panel shows the SNP 
genotyping panel used in the particular study and the red, orange and pink colours of each 
SNP panel represent study-wise threshold of top 0.1%, 1% and 5%, respectively. Numbers 
on left-hand side of the lower panel represent 31 studies (along with breeds of European 
origin) as follows; 1: Barendse et al. 2009 (Multiple breeds); 2: Boitard and Rocha 2013 
(Blonde dAquitaine); 3: Chan et al. 2010 (Multiple breeds); 4: Druet et al. 2013 (Angus, 
Belgian Blue, Brown Swiss, Charolais, Dual Purpose Belgian Blue, Guernsey, Hereford, 
Holstein, Jersey, Limousin, Piedmontese, Romagnola); 5: Fan et al. 2014 (Simmental); 6: 
Flori et al. 2009 (Holstein, Montbeliarde, Normande, Multiple breeds); 7: Gibbs et al. 2009 
(Angus, Brown Swiss, Charolais, Guernsey, Hereford, Holstein, Jersey, Limousin, 
Norwegian Red, Piedmontese, Red Angus, Romagnola, Multiple breeds); 8: Glick et al. 
2012 (Holstein); 9: Hayes et al. 2009 (Angus, Holstein); 10: Hosokawa et al. 2012 
(Holstein); 11: Kemper et al. 2014 (Angus, Charolais, Hereford, Holstein, Jersey, Limousin, 
Murray Grey, Shorthorn); 12: Kim et al. 2013 (Holstein); 13: Larkin et al. 2012 (Holstein); 
14: Lee et al. 2013 (Hanwoo); 15: Lee et al. 2013 (Holstein); 16: Lim et al. 2013 (Hanwoo); 
17: MacEachern et al. 2009 (Angus, Holstein); 18: Mancini et al. 2014 (Multiple breeds); 
19: Pan et al. 2013 (Holstein); 20: Perez OBrien et al. 2014 (Angus, Brown Swiss); 21: 
Pintus et al. 2013 (Italian Brown, Piedmontese); 22: Porto-Neto et al. 2013 (Angus, Brown 
Swiss, Charolais, Guernsey, Hereford, Holstein, Jersey, Limousin, Norwegian Red, 
Multiple breeds); 23: Porto-Neto et al. 2014 (Hanwoo, Multiple breeds); 24: Qanbari et al. 
2010 (Holstein); 25: Qanbari et al. 2011 (Angus, Belmond Red, Brown Swiss, Hereford, 
Holstein, Multiple breeds, Murray Grey, Shorthorn, Simmental); 26: Qanbari et al. 2014 
(Fleckvieh); 27: Ramey et al. 2013 (Angus, Braunvieh, Brown Swiss, Charolais, Finnish 
Ayrshire, Hanwoo, Hereford, Holstein, Jersey, Limousin, Salers, Shorthorn, Simmental, 
Wagyu); 28: Randhawa et al. 2014 (Multiple breeds); 29: Rothammer et al. 2013 (Anatolian 
Black, Belgian Blue, Braunvieh, Fleckvieh, Franken Gelbvieh, Galloway, Holstein, Illyrian 
Mountain Busa, Murnau-Werdenfelser, Original Braunvieh); 30: Schwarzenbacher et al. 
2012 (Brown Swiss); 31: Stella et al. 2010 (Multiple breeds); 32: Utsunomiya et al. 2013 
(Angus, Brown Swiss). Results from individual breeds of European origin are not available 
in some studies, which are recorded as “Multiple breeds”; however, list of individual breeds 
that constitute those groups of multiple breeds are listed in Table S2.2. 
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Figure S2.8: Comparison of Meta-assembly and signatures of selection regions on 29 
bovine autosomes (BTA) identified across 16 studies in Holstein cattle. Top panel shows 
Meta-selection-scores (MSS) computed for the Holstein. Lower panel shows location of 
published selection signature regions and coloured points representing various selection 
tests (as shown in the legend at the bottom) in pink, orange and red represent study-wise 
threshold of top 5%, 1% and 0.1%, respectively. In lower panel, the central or top (if given) 
score region is shown with a dot point and spans of extended regions are shown with a 
horizontal solid-line. Labels on right-hand side of lower panel shows the SNP genotyping 
panel used in the particular study and on left-hand side the numbers represent 17 studies as 
follows; 1: Druet et al. 2013, 2: Flori et al. 2009, 3: Gibbs et al. 2009, 4: Glick et al. 2012, 
5: Hayes et al. , 2009, 6: Hosokawa et al. 2012, 7: Kemper et al. 2014, 8: Kim et al. 2013, 9: 
Larkin et al. 2012, 10: Lee et al. 2014, 11: MacEachern et al. 2009, 12: Pan et al. 2013, 13: 
Porto-Neto et al. 2013, 14: Qanbari et al. 2010, 15: Qanbari et al. 2011, 16: Ramey et al. 
2013, 17: Rothammer et al. 2013. 
 
 
Figure S2.9: Comparison of Meta-assembly and signatures of selection regions on 29 
bovine autosomes (BTA) identified across 10 studies in Angus cattle. Top panel shows 
Meta-selection-scores (MSS) computed for the Angus. Lower panel shows location of 
published selection signature regions and coloured points representing various selection 
tests (as shown in the legend at the bottom) in pink, orange and red represent study-wise 
threshold of top 5%, 1% and 0.1%, respectively. In lower panel, the central or top (if given) 
score region is shown with a dot point and spans of extended regions are shown with a 
horizontal solid-line. Labels on right-hand side of lower panel shows the SNP genotyping 
panel used in the particular study and on left-hand side the numbers represent 10 studies as 
follows; 1: Druet et al. 2013, 2: Gibbs et al. 2009, 3: Hayes et al. 2009, 4: Kemper et al. 
2014, 5: MacEachern et al. 2009, 6: Perez OBrien et al. 2014, 7: Porto-Neto et al. 2013, 8: 
Qanbari et al. 2011, 9: Ramey et al. 2013, 10: Utsunomiya et al. 2013 
 
 
Figure S2.10: Comparison of meta-assembly of European group and gene density (genes 
per Mb) distribution on each chromosome. 
.
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Chapter 3 
Composite Selection Signals 
(This chapter is presented as a methodology article published in a peer-reviewed journal) 
Imtiaz A. S. Randhawa, Mehar S. Khatkar, Peter C. Thomson and Herman W. 
Raadsma. 2014. Composite selection signals can localize the trait specific genomic 
regions in multi-breed populations of cattle and sheep. BMC Genetics, 15:34.  
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Composite selection signals can localize the trait
specific genomic regions in multi-breed
populations of cattle and sheep
*Imtiaz Ahmed Sajid Randhawa , Mehar Singh Khatkar, Peter Campbell Thomson and Herman Willem RaadsmaAbstract
Background: Discerning the traits evolving under neutral conditions from those traits evolving rapidly because of
various selection pressures is a great challenge. We propose a new method, composite selection signals (CSS),
which unifies the multiple pieces of selection evidence from the rank distribution of its diverse constituent tests.
The extreme CSS scores capture highly differentiated loci and underlying common variants hauling excess
haplotype homozygosity in the samples of a target population.
Results: The data on high-density genotypes were analyzed for evidence of an association with either polledness or
double muscling in various cohorts of cattle and sheep. In cattle, extreme CSS scores were found in the candidate
regions on autosome BTA-1 and BTA-2, flanking the POLL locus and MSTN gene, for polledness and double muscling,
respectively. In sheep, the regions with extreme scores were localized on autosome OAR-2 harbouring the MSTN gene
for double muscling and on OAR-10 harbouring the RXFP2 gene for polledness. In comparison to the constituent tests,
there was a partial agreement between the signals at the four candidate loci; however, they consistently identified
additional genomic regions harbouring no known genes. Persuasively, our list of all the additional significant CSS
regions contains genes that have been successfully implicated to secondary phenotypic diversity among several
subpopulations in our data. For example, the method identified a strong selection signature for stature in cattle
capturing selective sweeps harbouring UQCC-GDF5 and PLAG1-CHCHD7 gene regions on BTA-13 and BTA-14,
respectively. Both gene pairs have been previously associated with height in humans, while PLAG1-CHCHD7 has
also been reported for stature in cattle. In the additional analysis, CSS identified significant regions harbouring
multiple genes for various traits under selection in European cattle including polledness, adaptation, metabolism,
growth rate, stature, immunity, reproduction traits and some other candidate genes for dairy and beef production.
Conclusions: CSS successfully localized the candidate regions in validation datasets as well as identified previously
known and novel regions for various traits experiencing selection pressure. Together, the results demonstrate the utility
of CSS by its improved power, reduced false positives and high-resolution of selection signals as compared to individual
constituent tests.
Keywords: Selection signatures, Selective sweeps, Polledness, Double muscle, Geographic origin, Cattle, Sheep
Background about the origin of species [2], evolution [3], co-evolution
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sGenetics research has increased rapidly with availabilit
of high throughput molecular biology tools and analytica
approaches [1]. Recent molecular genetics technique
combined with large scale in silico analysis of genetic poly
morphism data have provided insights to many question* Correspondence: imtiaz.randhawa@sydney.edu.au
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adaptation and diseases [6-8], and genetic diversity [9,10]
for a wide range of species. More recently, identification
of chromosomal regions that contain signatures of selec-
tion has been helpful to understand various mechanisms
of adaptation, domestication and selection for important
traits of various domestic species [11-21].
Evidence of selection can be gained from the measures
of population differentiation, the allele frequency spectrum,
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http://www.biomedcentral.com/1471-2156/15/34linkage disequilibrium (LD) and haplotype structures
[22,23]. Multiple methods have been developed for
detecting selection signatures from genomic sequences
and single nucleotide polymorphism (SNP) data [24,25]
Popular methods to capture selection evidence among
populations from genetic polymorphism data include fix-
ation index (FST) [26,27], change in derived allele frequen-
cies (ΔDAF) [23], allele frequency differences [28], long
range haplotype (LRH) tests based on the extended
haplotype homozygosity (EHH) statistic [29] including
the across population extended haplotype homozygosity
(XP-EHH) [22] and Rsb [30]. The specificity of each
selection test statistic is limited to test certain aspects
of selective forces operating under various models of
natural and artificial selection. Hence, various selection
tests being used often provide differing results for the
same genomic dataset and likely none of these can
exclusively provide a definite conclusion about the
selective hypotheses [31].
Populations undergoing directional or divergent selec-
tion for specific traits are expected to exhibit signals of
selection at the underlying genomic regions when mea-
sured by several selection tests [32]. Therefore, a com-
bination of multiple strategies can be a robust approach
in localizing such selected regions and correlating them
with phenotypic variation. Several approaches to com-
bine multiple summary statistics have been implemented
that improve the power of detecting selection signatures
[16,23,31,33,34]. Grossman et al. [23] developed a
Bayesian estimator, composite of multiple signals (CMS)
that combines several statistics to localize causal variants
of positive selection. CMS requires extensive simulations
and knowledge of the population genetic history to
explore selection events under robust models with their
underlying assumptions [15]. Success of CMS depends on
the availability of very dense SNP data (for example, > 3
million SNPs in the human 1000 Genomes Project) re-
quired to approximate all the genome-wide functiona
variants. Lin et al. [31] and Pavlidis et al. [33] used ma-
chine learning methods implementing boosting and
support vectors, respectively, which combines multiple
statistics to maximize their joint predictive performance
They too require prior information from the estimates of
population genetic diversity along with powerful computa-
tion platforms. Other efforts have also been made by com-
bining selection signatures with association analysis in
multiple species, however, these require information of
phenotypes on individuals and in some cases also about
their progeny [12,34,35]. Recently, Utsunomiya et al. [16]
employed the Stouffer weighted Z-method [36] for
combining p-values of several selection tests in their so
called Meta-SS (meta-analysis of selection signals). Their
assumptions to retrieve p-values directly from the test sta-tistics require that each constituent test follow (approxi-
mately) a normal distribution, centred on zero under the
null hypothesis if no selection. The implementation of
Meta-SS is, therefore, limited to selected tests and incom-
patible on some popular selection tests such as FST where
the distribution (under the null hypothesis) is not known.
The limitations and complexity of methods, prior in-
formation, high-density genotypes and powerful com-
putational resources required to implement available
combining approaches leaves researchers with limited
resources at a disadvantage.
Understanding the genetic control of heritable pheno-
types is decisive to implement strategies for the rapid
improvement in the qualitative and quantitative features
of any domesticated species. Owing to the high genetic
diversity in cattle and sheep, with over 800 and 1400
breeds, respectively, and substantive known factors for
shaping their genetic diversity, they have been exten-
sively used as model species for exploring selection sig-
natures [11-21,32,37-42].
In general, genetically alike populations are expected
to share genetic polymorphism at the genomic regions
carrying genes for common phenotypes, whereas, genet-
ically isolated populations may have uniquely positioned
or divergent patterns of polymorphism on the genome
[11,15,43]. Combining genotypic data on multi-population
panels for identical traits has been used successfully to es-
timate the genomic breeding values and genomic selection
[44,45], local adaptation [43], phylogeography and breed-
ing history [11,46], and association mapping [47]. There-
fore, detection of signatures of strong selection can be
boosted by combining samples from multiple breeds
based on known traits and compare such multi-breed
populations for the contrasting phenotypes [12,15,48].
Across phenotypic groups, the contrast in genetic vari-
ation at the putative genomic regions increases the likeli-
hood of capturing the selection signatures linked to the
traits of interest. Within groups, the genome-wide genetic
diversity between multiple breeds will lower background
noise (false positive signals) which have accumulated con-
founding genetic patterns due to the demographic history
of breeds or by the random genetic drift [47].
In principle, a simple method to combine outputs
from separate tests based on their statistical distributions
can be used to increase the accuracy of linking geno-
types (genomic regions) with phenotypes without prior
information on population history, individual pheno-
types or genetic relationships. Here we present an im-
provement in the trait-specific genome-wide scans based
on SNP data to map selection signatures by unifying
multiple information from: i) evidence of selection, and
ii) phenotypically alike populations. We developed a
composite index of selection signatures: composite
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types controlled by known major genes in cattle and
sheep. In addition, we investigated European and African
Bos taurus cattle to identify the signatures of selection in
geographically isolated populations.
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(A-D) of both species are described as follows:Methods
DNA samples and genetic polymorphism data
Utility of the composite selection signal was tested in
cattle and sheep by analyzing data available from various
published studies on both species. To add power by in-
creasing the sample size and to maximize the range of
breeds and animals within breeds, samples collected by
independent research groups were merged. Cattle data
consisted of 1,096 animals representing 56 cattle breeds
as described in previous studies [3,10,39,49]. Genetic re-
lationships from the genome-wide SNPs were estimated
by computing a genome-wide IBS matrix using PLINK
[50] to identify and remove duplicate samples across
multiple datasets of cattle. The sheep dataset consisted
of 2,803 animals from 74 breeds [11]. The samples and
breeds of cattle and sheep included in this study are
listed in (Additional file 1: Table S1) and (Additional file 2
Table S2), respectively.
SNP genotypes generated in previous studies on cattle
[3,10,39,49] and sheep [11] genotyped with the Illumina
BovineSNP50 chip and Illumina OvineSNP50 chip assays
respectively, were used in the present analysis. After
quality control, 38,610 and 47,502 autosomal SNPs
were retained for cattle and sheep, respectively (Additiona
file 3: Table S3), and the final number of heterozygous
SNPs (minor allele frequency (MAF) > 0.01) in each data-
set is given in Table 1. Imputation of sporadic missing
genotypes and haplotype phasing was performed with
BEAGLE 3.3 [51]. Ancestral alleles were inferred for cattle
genotype data using information from Matukumalli et al
[52] and, when possible, using information from the geno-
types of three out-group species (bison, buffalo and yak)
from Decker et al. [3]. All SNPs were mapped on the
UMD3.1 bovine genome assembly (http://www.cbcb.umd
edu/research/bos_taurus_assembly) and OARv1.0 ovine
genome assembly (http://www.livestockgenomics.csiro.au/
sheep/oar1.0.php) for the corresponding species.Phenotype data
,Two subsets from both the cattle and the sheep data
collectively called as validation datasets (A-D), were ex-
tracted based on traits known to be under control of a
major autosomal gene, namely double muscling (increased
skeletal muscle mass) and polled (absence of horns) phe-
notypes (Table 1). In cattle, the dataset A consisted of ani-
mals of seven polled breeds and seven horned breeds. Thedataset B of cattle consisted of animals from three double
muscle breeds and 14 normal muscle beef breeds. In
sheep, the dataset C contained animals from 37 naturally
polled sheep breeds and 36 horned sheep breeds and the
dataset D had data on animals from three breeds known
to be double muscled and 71 breeds without the double
muscle phenotype.
Candidate genes for the two traits in validation datasetsPolledness in cattle
POLL locus is located at the proximal end of bovine
autosome 1 (BTA-1) at 1.65-2.05 Mb position. The
dominant alleles of causal mutations in the genes
harbouring the POLL locus cause the polledness in
cattle [15,17,20,47,52,53].Double muscle in cattle
Bovine Myostatin (MSTN) i.e. growth and differentiation
factor 8 (GDF8) gene (BTA-2: 6213566 – 6220196 bp)
harbours various alike-in-state mutations in its third exon
that underlie the muscular hypertrophy (a partially reces-
sive trait) in some beef cattle breeds. For example, the
double muscles are linked to the loss-of-function substitu-
tion in Piedmontese (and rarely in other beef breeds) and
a frame-shifting 11 nucleotide deletion in Belgian Blue,
South Devon and Asturiana de los Valles [20,39,54,55].Polledness in sheep
Relaxin/insulin-like family peptide receptor 2 (RXFP2) gene
on ovine autosome 10 (OAR-10: 29491481 – 29538132 bp)
is located in a known selected genomic region linked to
the horn morphology in sheep [11,56,57].Double muscle in sheep
OvineMSTN gene on OAR-2 (126318371 – 126323354 bp)
harbours a single loss-of-function mutation in its
3′-untranslated region (strongly selected in Texel)
that inhibits its translation resulting the double muscle
in sheep [11,55,58].
In addition, for dataset E, cattle breeds of European
(46 breeds, 847 animals) and African (7 breeds, 226 ani-
mals) origin were compared (Table 1). There were sev-
eral cattle breeds of small sample size (n < 20) in the
European group. Therefore, the effect of sample size on
the computation of our composite and constituent selec-
tion tests was also assessed by comparing results from
analyses by excluding and including the breeds with
small sample size (n < 10 and n < 20).
Table 1 Breeds, samples, genotypes (SNPs) and known genes in each group of cattle and sheep
Species Trait Groups Breeds
(n)a
Animals
(n)
Genome
assembly
SNPs
(n)a
SNP density
(kb)
Derived
SNPs (n)
Known
genes
Dataset
code
Cattle
Polledness
Poll head 7 85
UMD3.1 38,290 65.50 38,177 POLL locus A
Horn head 7 127
Double
muscling
Double
muscling
3 49
UMD3.1 38,520 65.15 38,407 MSTN B
Normal
muscling
14 308
Sheep
Polledness
Poll head 37 1489
OARv1.0 47,498 51.26 - RXFP2 C
Horn head 36 1290
Double
muscling
Double
muscling
3 149
OARv1.0 47,502 51.26 - MSTN D
Normal
muscling
71 2654
Cattle Geographic
location
African 7 226
UMD3.1 37,905 65.67 37,795 - E
European 46 847
aDetails of breeds and genotyping information about cattle and sheep is available in the (Additional files 1, 2 and 3: Table S1, S2 and S3, respectively).
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The signatures of recent positive selection are expressed
as a localized increase in allelic frequency of the benefi-
cial mutations towards fixation in the population. Non-
ancestral alleles at mutated loci are called “derived”
alleles and usually, the function-altering derived alleles
create the phenotypic diversity. The excess of recently
selected beneficial (ancestral or derived) alleles results in
a ‘hitchhiking’ of neighbouring polymorphisms which re-
sults in extended haplotype homozygosity in the region
of selection [22]. We selected three single test statistics
which capture the increase in highly differentiated loci
(FST), or increase in derived allele frequency (ΔDAF and
ΔSAF), or the increase in haplotype homozygosity (XP-
EHH) along the genome in each of the five datasets. A
brief implementation of each test statistic is described
below. The new method, which we term as composite
selection signal (CSS), combines the three estimates of
the single selection tests in a single index.F
.
ΔSAFST
The fixation index (FST) of population differentiation is
estimated from the deviation in allele frequency between
populations compared against the within population
polymorphic frequency [26]. It can detect selection sig-
natures using genetic polymorphism data by a pairwise
comparison between two contemporary populations
SNP-specific FST values were computed for each pair of
phenotypically contrasting groups within all the sets of
cattle and sheep data using a custom R script available
upon request. Extreme positive values of FST for the par-
ticular locus are indicative of high levels of reproductiveisolation of the two populations and divergent selection
in both or strong positive selection in one of the popula-
tions and/or random drift.ΔDAF
Highly differentiated SNPs with an excess of new muta-
tions (derived alleles) can be identified by the distribu-
tion of derived allele frequency (DAF). Change in the
DAF (ΔDAF) was calculated as the difference of DAF in
the putative selected population or group (DS) and the
DAF in the alternative non-selected populations or
groups (DNS), where ΔDAF =DS −DNS as given in
Grossman et al. [23]. ΔDAF scores have an approximate
normal distribution. We standardized ΔDAF to have a
zero mean and unit variance to identify the outlier SNPs.
The use of the ΔDAF statistic was restricted to cattle data
where the derived and ancestral allele could be inferred
unambiguously. In sheep, no such out-group was avail-
able; hence, the ancestral allele could not be inferred.To accommodate the lack of information on ancestral
allele in sheep, we developed a simple statistic based on
the allele frequency differences between the populations.
Based on the observed allele frequency distributions, we
calculated the directional change in the selected allele
frequency (ΔSAF) across two populations i and j, so that
ΔSAF ¼ fAi−fAj , where, fAi is the frequency of allele A,
the major allele in the putatively selected population i;
similarly, fAj is the frequency of allele A in non-selected
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N(0,1). Since the estimates of ΔDAF and ΔSAF are a
function of the allele frequency distributions, a signifi-
cant association is expected for loci under strong selec-
tion and can be used alternatively depending on the
availability of required information about derived and
ancestral alleles. Comparison between ΔDAF and ΔSAF
to validate the latter using the cattle data has shown a
very strong correlation (r > 0.8) for the SNP scores at
candidate gene regions and genome-wide. Replacement
of ΔDAF by ΔSAF as input in CSS has shown no appre-
ciable difference in the results for the control regions of
cattle (data not shown).XP-EHH
A multi-allelic (haplotype based) test has many advan-
tages in studying genome-wide patterns of divergence
over single locus (SNP) analyses, since the latter may be
less informative due to ascertainment bias in the SNP
discovery process [59]. Long-range haplotype (LRH)
tests can detect the signals of positive selection by find-
ing common alleles carried on unusually long haplo-
types. Due to LD, selection pressure on a beneficial
allele at a polymorphic locus can also affect the neigh-
bouring neutral loci, resulting in long haplotypes of low
diversity across extended regions [60]. Extended haplo-
type homozygosity (EHH) detects selection signatures by
comparing a base (core) haplotype, characterized by high
frequency and extended homozygosity, with other haplo-
types at the selected locus. EHH is the probability that
two randomly selected chromosomes carrying the candi-
date core haplotype are homozygous for the entire inter-
val spanning the target region for a given locus. The
EHH statistic depends on the allele frequency and the
strength of LD with neighbouring loci; hence, it is
applicable to an incomplete selective sweep when the
selected allele becomes very frequent but is not yet fixed
within a given population. EHH is less robust in a
situation where the selected alleles may have reached
fixation and their alternative alleles have disappeared
in a population i.e., a complete selective sweep [43].
Complete selective sweeps can be dealt with using the
across population EHH (XP-EHH) test, which compares
each population (breed) with the other population(s) on
corresponding haplotypes. XP-EHH has high power to
detect selection signatures in small sample sizes and
power may be gained by the grouping of genetically
similar breeds [22,23,29,43]. We calculated the XP-EHH
for each of the five datasets using the procedure de-
scribed by Sabeti et al. [22]. Further, XP-EHH scores
were standardized in each analysis so that a genome-
wide distribution of all scores has zero mean and unit
variance.Composite Selection Signals (CSS)
Three selection tests (FST, XP-EHH, ΔDAF or ΔSAF)
were combined with the hypothesis that a common sig-
nal across the multiple test statistics would be detected
as an extreme CSS score at the trait specific genomic
positions. The following outlines the method used to
compute CSS scores from combining the three compo-
nent test statistics for the same SNP, as well as deter-
mining p-values for these composite tests, to test for the
existence of a common signal.
Let Tij be the test statistic using method i, (i = 1, …, m)
calculated at SNP j, (j = 1, …, n). Then for each test stat-
istic type i, obtain the rank of each observed test statistic
across all n SNPs, say Rij = rank(Tij), which takes values
1, …, n. Next, these ranks are converted to fractional ranks
by re-scaling them to lie between 0 and 1, i.e. R′ij = Rij/
(n + 1), giving values from 1/(n + 1) through n/(n + 1).
Note that the fractional rank does not use the magni-
tudes of the actual test statistics: this makes it inherently
robust, as in any other nonparametric procedures that
are based on ranks. However, there is therefore some
loss of information. Some of this information may be re-
covered by converting the fractional ranks to z-statistics,
Zij =Φ
− 1(R 'ij), where Φ
− 1(⋅) is the inverse cumulative
distribution function (CDF) for a standard normal, i.e.
maps values 0 through 1 to an underlying standard nor-
mal distribution, Z ~N(0,1). Once converted to normal
scores, the average z-values were calculated at each SNP
position, Zj , j = 1, …, n, and p-values were directly ob-
tained from the distribution of means from a nor-
mal distribution, Z e N 0;m−1ð Þ , i.e. p ¼ 1−Φ m1=2 Zj
 
where Φ(⋅) is the CDF for a standard normal distribution.
The log-transformed p-values (−log10p) corresponding
to the set of mean Z values ( Zj) were declared as the
composite selection signals (CSS) and these were plotted
against the genomic positions to identify the significant
selection signals. If there is a common signal across the
multiple test statistics, this will show up as an excess in
CSS at that point, otherwise, CSS may be dampened
down, i.e., regressed to the genome-wide average.
Significant SNPs under selection
The results from five datasets (Table 1) were compared
across three constituent tests and CSS. In the absence of
a known probability distribution for most cases of the
test statistics used in this study, SNPs with extreme test
scores (top 0.1%) in the genome-wide distribution were
considered significant [11]. Selected variants tend to
impose the selection pressure on neighbouring alleles
because of hitchhiking; therefore, significant signals are
expected to cluster together. Hence, in order to
minimize the spurious noise from single SNP tests with
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(smoothed) over SNPs within 1 Mb sliding windows
centred at each SNP along the chromosomes.
.
.Genomic regions and genes under selection
Clusters consisting of a multiple SNPs with the extreme
CSS test statistics (top 0.1%) spanning 1 Mb windows
around the SNP with most extreme value were selected
This was termed as a significant cluster by each test and
its boundaries were defined by the first and last SNP
Consecutive clusters spaced less than 1 Mb apart were
merged into a single cluster. Further, for mining candidate
genes, we define the genomic regions underlying the sig-
nificant clusters by including an additional 0.5 Mb on each
side, considering genome-wide uniform LD patterns.
For comparison across multiple tests, we identify the
genomic region by each test and count the numbers of
significant SNP scores in other selection tests within
each region. For example, at the first step, regions were
defined by CSS and significant SNPs were counted in
XP-EHH, FST and ΔDAF (or ΔSAF).
The significant genomic regions were investigated for
genes that mapped on the respective genome assembly
of both species for the candidate traits. For the genes in
non-candidate regions identified by CSS, we further in-
vestigated the respective subpopulation for any add-
itional phenotypes that might have been under positive
selection. Similarly, genes underlying the significant gen-
omic regions in geographic population groups of cattle
were also investigated to understand the historic and
commercial imprints of selection..
lFalse discovery rate
The control of false positive signals in multiple hypoth-
eses testing is essential in genomic studies. The false dis-
covery rate (FDR) is considered a reliable statistical
method for correction in case of multiple comparisons
The estimation of FDR is influenced by the accuracy
of the p-value estimations and the validity of their
underlying distributional assumptions. Correctly estimated
p-values from the null hypothesis are assumed to exhibit a
uniform distribution. Usually, on the other hand, observed
distribution of p-values from multiple tests consists of a
mixture of distributions of p-values from true null hypoth-
eses along with true alternative hypotheses. To improve
the accuracy of FDR estimation, empirical p-values from
non-smooth CSS were calibrated using the constrained
regression recalibration (ConReg-R) method so that the
observed p-values have the properties of an ideal empirica
p-value distribution [61]. The tail area based FDR
(q-values) were estimated from the calibrated p-values
using the R package “fdrtool” [62] with its default options
for “statistic = p-value”, when it uses the empirical databelow the 75th percentile to determine the null distribu-
tion of the test statistics.
FDR were computed against the calibrated p-values
for the raw CSS scores of each validation dataset ana-
lysis. Within the significant region boundaries, the per-
centages of SNPs having FDR ≤ 5% were calculated. To
differentiate the distribution of true null and true alter-
nate hypotheses, we compared the density distribution
of FDR (q-values) of SNPs within significant regions
against the rest of genome-wide SNPs.
Results
Identification of significant loci
The map of chromosomes containing highest empirical
CSS scores within each trait-wise dataset (A to D) is pre-
sented in Figure 1. Genome-wide comparisons of empirical
distributions of all the selection tests across the four valid-
ation datasets are shown in (Additional file 4: Figure S1),
(Additional file 5: Figure S2), (Additional file 6: Figures S3)
and (Additional file 7: Figure S4). A strategy of smoothing
SNP-wise empirical statistics was applied to three compo-
nent selection tests and composite selection signals: for
each case, the mean number of SNPs in genome-wide
1 Mb windows was 17 and 19 SNPs in cattle and sheep
data, respectively (Additional file 8: Figure S5). The win-
dows containing fewer than 5 SNPs were discarded from
further analysis. After pruning such low SNP density win-
dows, 38,211 (dataset A) and 38,441 (dataset B) sliding
windows were retained for polled and double muscle cat-
tle, respectively. Similarly, 47,438 (dataset C) and 47,442
(dataset D) sliding windows of averaged (smooth) test
statistics were used from the polled and double muscle
sheep analyses, respectively.
Genome-wide low to moderate correlations among the
pairs of three single tests suggest a partial concordance
among these tests; whereas, CSS has a high correlation
with its all component tests, which suggests capture of
information across multiple tests (Additional file 9:
Figure S6). The genome-wide map of empirical scores
(non-smoothed) and smoothed scores indicates a number
of genomic regions with clusters of SNPs with high scores
in each of the four analyses.
The magnitude of smoothed CSS in the significant
clusters was affected by the SNP density and extent of
LD between the SNPs within the sliding window. For
example, the POLL locus is located on the proximal end
(rich crossing over region) of BTA-1 where the high
recombination rate reduces the LD among neighbouring
SNPs (Table 1). In dataset A, highly significant raw CSS
scores were located in the candidate gene region on
BTA-1 (Figure 1-A), whereas existence of strong LD
(see Discussion) on BTA-14 has lifted this region to the
top of the smoothed distribution as shown in the
,,
,
.
,
Figure 1 Composite selection signals (CSS) for validation datasets. Chromosome-wise plots of highest CSS scores are shown for trait-wise
datasets of cattle (A and B) and sheep (C and D). The dotted red horizontal lines in the CSS plots indicate the genome-wide 0.1% thresholds of
the empirical scores. Smooth lines are the smoothed CSS scores by averaging SNPs within each 1 Mb window. Vertical green lines indicate the
location of candidate genes at each chromosome as follows: A = POLL locus for polledness in cattle (dataset A), B = MSTN for double muscle in
cattle (dataset B), C = RXFP2 for polledness in sheep (dataset C), and D = MSTN for double muscle in sheep (dataset D).
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S1-A). In datasets B, C and D, in contrast to dataset A
the magnitude of raw as well as smoothed CSS scores
remained on top in the genome-wide distribution be-
cause their candidate regions were localized in cold-
spots of less frequent recombination (Additional files 5
6, 7: Figure S2 to S4).
Significant genomic regions under selection in validation
datasets
Of the genome-wide smoothed test statistics, the top 39
and 48 SNPs (i.e. top 0.1%) in the cattle and sheep data-
sets, respectively were used to find significant regions
under selection. A number of selection signals were
found in each dataset by all the test statistics. Overall, 9
12, 10 and 5 genomic regions were detected in datasets
A, B, C and D, respectively (Additional file 10: Table S4)
These multiple significant regions were the result of low
concordance between the component tests and their
power to capture slightly different characteristics of the
selective sweep. Note that across the four datasets, 1515 and 21 genomic clusters were captured by XP-EHH,
FST and ΔDAF/ΔSAF, out of which 4, 5 and 13 regions
were specific to individual tests. These 36 regions were
narrowed down to 12 significant regions with the CSS
approach (Table 2).
Regions identified through CSS were further investi-
gated to find specific genes associated with positive se-
lection. A number of genes were found in each region;
therefore, precise inferences about the specific target of
selection may be difficult. The results from the compo-
nent tests suggest a high concordance for significant
clusters in the candidate regions but also a number of
additional significant signatures located in genomic re-
gions of unrelated or unknown genes (Additional file 10:
Table S4). The concordance between the three distinct
tests statistics at the four control regions establishes the
support of CSS for detecting true selection signatures.
The CSS test has fewer significant clusters and most of
these are close (where SNPs are missing within genes) or
harbouring the genes associated with the traits of inter-
est in all datasets. We briefly describe the genomic
Table 2 Genomic regions under selection in cattle and sheep identified using composite selection signals (CSS)
Regiona Chr Position
b
(Mb)
Number of significant SNPs Total
genesc Known genes
d Gene function
CSS XPEHH FST ΔDAF
A1 1 1.01-2.63 10* 9 1 - 15 POLL locus Polledness
A5 13 63.90-65.97 18 23* 1 5 26 UQCC, GDF5 Stature
A7 14 23.78-25.61 11 7 5* 10* 12 PLAG1, CHCHD7 Stature
B1 2 6.15-7.82 10* 11* 3 - 9 MSTN Double muscle
B2 6 66.55-68.11 11 8 - - 6 COX7B2, FRYL Reproduction
B6 16 44.49-46.05 11 11 1 - 12 NMNAT1, PIK3CD, SPSB1, SLC Embryonic growth, immunity
B8 18 13.34-15.03 5 3 1 - 33 MC1R Coat colour
C5 10 28.54-30.05 26* 17* 34* 5* 9 RXFP2 Polledness
C8 13 66.97-68.50 7 - 7 3 17 ASIP Coat colour
C10 25 6.67-8.29 14 10 - 2 16 LRP4 Bone growth
D2 2 119.62-122.30 20 11* 10 16 26 - -
D4 2 124.25-128.05 28* 22 27 27 47 MSTN Double muscle
Cluster of a minimum of three significant SNPs within a window spanning 1 Mb genomic locations centred on a core SNP above the threshold (top 0.1%) in CSS
(smoothed statistics) are reported and are compared with the constituent tests.
aPrefix (A, B, C and D) with each region number represents the dataset as defined in Table 1 and rows in bold indicate the genomic regions containing candidate
genes. A complete list of 36 genomic regions, their positions, range of all significant clusters (for each test) and genes under clusters of significant SNPs is shown
in [Additional file 10: Table S4].
bPosition of genomic regions includes a 0.5 Mb extension on both sides of boundaries of the main cluster identified by CSS to compare constituent tests and
count of genes (see Methods). Large sized (> 1 Mb) regions are formed by joining successive (<1 Mb apart) clusters.
cGenes mapped on bovine (UMD3.1) and ovine (OARv1.0) assemblies within the boundaries of genomic regions.
dCandidate genes with known functional/structural effects for a particular trait present in the contrasting panels of multiple breeds.
*Indicates the cluster of highest ranked SNPs (raw scores) for a particular selection test.
Randhawa et al. BMC Genetics 2014, 15:34 Page 8 of 19
http://www.biomedcentral.com/1471-2156/15/34regions under selection identified from each dataset by
CSS as follows:l
.
,Signatures of selection in validation datasets
The genome-wide map of empirical scores (non-smoothed)
indicates that the highest CSS above the 0.1% threshold
were in the candidate regions in all of the four analyses
(Figure 1). At least five significant SNPs for CSS were found
for each trait within the respective genic regions. The three
component tests (FST, ΔDAF or ΔSAF, and XP-EHH) were
found coinciding in the candidate gene regions but with
fewer and lower ranked SNPs as compared to the CSS test.
In dataset A, significant CSS scores were found in the
candidate region (BTA-1) harbouring the POLL locus for
polledness in cattle (Figure 1-A, and region A1 in
Table 2). Two additional significant clusters were found
on BTA-13 (region A5: UQCC-GDF5 genes) and BTA-14
(region A7: PLAG1-CHCHD7 genes) (Table 2, Additiona
file 4: Figure S1-A).
In dataset B, the highest CSS scores were localized at
BTA-2 flanking MSTN, the gene responsible for double
muscling in cattle (Figure 1-B, and region B1 in Table 2)
Additional peaks of significant CSS were located on
BTA-6 (region B2: COX7B2 gene and near FRYL, PDGFRA
genes), BTA-16 (region B6: SLC25A33 and SLCC45A1
genes) and BTA-18 (region B8: MC1R gene) (Table 2
Additional file 5: Figure S2-A).In dataset C, the candidate region on OAR-10 har-
bouring the RXFP2 gene for polledness in sheep con-
tained the extreme CSS scores (Figure 1-C, and region
C5 in Table 2). In addition, OAR-13 (region C8: ASIP
gene) and OAR-25 (region C10: LRP4 gene) exhibit the
one significant peak each (Table 2, Additional file 6:
Figure S3-A).
In dataset D, extreme CSS scores were found flanking
the MSTN gene for double muscling in sheep on OAR-2
(Figure 1-D, and region D4 in Table 2). Notably, both
significant peaks are on OAR-2 and are in the candidate
region or in LD with the candidate gene region spanning
an 18 Mb region (Table 2, Additional file 7: Figure S4-A).
The non-candidate regions in datasets A, B and C,
contain genes that have been previously linked to vari-
ous phenotypes in several species. Some of these genes
were associated with phenotypes within our subpopula-
tions (see Discussion). Overall, presence of the signifi-
cant clusters of extreme CSS scores in the candidate
regions of the cattle and sheep cohorts indicates im-
proved power of CSS as compared to the constituent
individual tests.
False discovery rate (FDR)
While the distribution of p-values for regions without
evidence of selection is not uniform (Additional file 11:
Figure S7), there is nonetheless a clear ‘spike’ in the
frequency of very small p-values, lending support for
:.
.
.
l
l
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wide q-values were calculated for the calibrated p-values
to estimate the FDR for each analysis (Additional file 11
Figure S7 and Additional file 12: Figure S8). Overall, the
top 0.1% of SNPs based on raw CSS scores of the four
datasets has considerably low FDR (q < 0.0001). Figure 2
shows a clear distinction between the density distribu-
tions of q-values for the SNPs in identified regions and
SNPs in the rest of the genome for each dataset. Table 3
further shows that the identified genomic regions have a
much higher proportion of SNPs with low q-values sug-
gesting strong evidence for selection signals in the data
These proportions in the control regions in cattle are
85.7% (regions A1) and 90% (region B1) as compared to
genome-wide proportions of 9.8% (dataset A) and 6.2%
(dataset B), respectively. In sheep, 46.2% and 75.9% of
total SNPs have q ≤ 0.05 in candidate regions C5 and D4
as compared to much lower values of 5.3% and 2.4% for
datasets C and D, respectively for their neutral regions
Similarly, in all the non-candidate regions in the four
datasets, the percentage of SNPs with q ≤ 0.05 is signifi-
cantly higher as compared to the rest of the genome
(Table 3).
Signatures of selection in geographically isolated multi-
breed populations of cattle
Finally, in dataset E, the smoothed scores from 37,827
sliding windows (after removing windows containing < 5
SNPs) were plotted along the genome in order to inves-
tigate the regions under selection. Figure 3 shows the
Manhattan plots of smoothed CSS scores for European
and African groups of Bos taurus cattle; complete list of
significant genomic regions and underlying genes in
both groups are listed in (Additional file 13: Table S5)
The comparison of each test by including and excluding
breeds with less than 10 and 20 animals showed negli-
gible differences for the effect of variable sample size
(especially low) of breeds in European group (Additiona
file 14: Figure S9). It shows that breeds with a similar
history generally have shared patterns of genetic diver-
sity. In addition, it also provides evidence that computa-
tion of CSS is not sensitive to the individual sample size
of the participating breeds for outbred populations.
We note that, overall, CSS method identified clear
peaks of higher magnitudes in European group as com-
pared to the African cattle (Figure 3). The differences in
the historical and recent selection pressures can result in
genome-wide excess of rare, potentially derived, alleles
within a population as compared to a reference neutra
population. It was further evident from the genome-
wide average DAF (MAF) values of 0.38 (0.26) and 0.32
(0.20), respectively showing that European and African
cattle have experienced variable selection pressures. A
comparison of chromosome-wise average of DAF andMAF shows a consistently higher selection in European
group (Additional file 15: Figure S10). Hence, we further
investigated the significant genomic regions of European
cattle for their underlying genes in relation to their
unique phenotypes. Significant genomic regions were
identified on BTA-1, BTA-13, BTA-14 and BTA-16 by
CSS (Figure 3-A). These regions have been generally
supported by the constituent selection tests and they
contain genes of known functional role in several traits
of economic importance in European cattle (Figure 4).
However, additional genomic regions identified individu-
ally by each of the constituent tests – other than com-
mon with CSS – did not capture any known genes as
candidates of selection signatures (Additional file 13:
Table S5).
Discussion
This study illustrated a new approach, the CSS, for dis-
covery of selection signatures in outbred populations,
which combines three commonly used test statistics into
a single index. As expected, each of individual tests (FST,
XP-EHH, ΔDAF/ΔSAF) can distinguish selection from
neutrality but targets slightly different characteristics in
the genetic polymorphism data that has been shaped by
the selection. Hence, there was only partial agreement in
the signals of selection (signatures) in these single tests
at the candidate loci. Individually, the three tests also
identified additional unique significant clusters with no
known candidate genes that indicate their lack of sensitivity
to localize real selection signature and high false selection
signals (Additional file 10: Table S4). Many earlier studies
in cattle and sheep reported selection signatures detected
based on these individual tests [11-13,18,32,39-42,64].
The strength of CSS is to combine the component
signals so that strongly selected regions harbouring a
common signal across the constituent test statistics can
be identified. The complementary signals from con-
stituent statistics resulted in increased magnitude of
CSS at target loci. For example, in dataset D, the high-
est CSS cluster was found at the candidate gene region
whereas, XP-EHH localized 5 Mb upstream and FST and
ΔSAF localized their top ranked signals at 4 Mb down-
stream of this target region (Additional file 7: Figure S4).
Overall, our results suggest that the CSS successfully lo-
calized candidate gene regions in both species and both
traits, thus providing a validation for this method (Figure 1,
Table 2).
Signatures of selection in traits specific groups of cattle
and sheep
Polled cattle
A cluster of significant SNPs was successfully localized
in the candidate region A1 on BTA-1 that flanks the
functional mutations in the POLL locus for polledness.
Figure 2 Density distribution of false discovery rate (q-values) of SNPs in significant clusters (orange) and the rest of the genome-wide SNPs
(gray). Density plots are shown for polled cattle (A), double muscle cattle (B), polled sheep (C) and double muscle sheep (D). Vertical dashed (−−−−−)
lines indicate q-values (FDR) = 0.05 in each subset. q-values were calculated from the calibrated p-values. Histograms of the mean Z, empirical and calibrated
p-values are shown in Additional file 7: Figure S4. Relationship between q-values and calibrated p-values is shown in Additional file 8: Figure S5.
Randhawa et al. BMC Genetics 2014, 15:34 Page 10 of 19
http://www.biomedcentral.com/1471-2156/15/34In addition, there were two significant clusters on BTA-13
and BTA-14. We further investigated dataset A for any
additional structure within the subpopulation of selected
cattle breeds. In fact, besides the polledness and horn
classification, there were also differences in the body
size (stature) between the two groups. The polled groupTable 3 False discovery rates within identified genomic regi
Region in
Table 2 Chromosome
Total SNPs
na
A1 1 14
A5 13 19
A7 14 11
B1 2 10
B2 6 11
B6 16 11
B8 18 12
C5 10 26
C8 13 9
C10 25 15
D2 2 23
D4 2 54
aTotal number of SNPs located within the boundaries of the main cluster identifie
(shown in Table 2).(Angus, Belted Galloway, Galloway, Murray Grey, Red
Angus, Red Poll and Romosinuano) contains breeds of
small to medium body size; whereas, in the horned
group all of the breeds were of medium to large size,
except Scottish Highland (7% of the horned group sam-
ples) which is a small body size breed (Additional file 1:ons in each validation dataset of cattle and sheep
SNPs in region q ≤ 0.05 SNPs outside regions q ≤ 0.05
% % (in dataset)
85.7
9.8 (A)78.9
81.8
90.0
6.2 (B)
63.6
36.4
41.7
46.2
5.3 (C)44.4
60.0
87.0
2.4 (D)
75.9
d by CSS and their position exclude 0.5 Mb additions for gene investigation
.,
Figure 3 Composite selection signals (CSS) for geographically isolated cattle populations. Manhattan plots of -log10(p) of CSS are shown
for (A) European Bos taurus and (B) African Bos taurus. Genome-wide smoothed CSS scores for SNPs on consecutive chromosomes are shown in
various colours. Dotted red line in the CSS plots indicate the genome-wide 0.1% (upper cutoff) thresholds of the empirical smoothed scores. Gray
stars are shown for raw CSS scores in the genome-wide background and bold at the putative selection regions underlying the significant clusters.
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located at the 66 Mb (region A5) which harbours a pair
of genes (UQCC-GDF5) that has been significantly associ-
ated with variation in human height [65-67] and body
measurement traits in cattle [68]. In European and East
Asian human populations, strong signals of recent selec-
tion have also been identified near the GDF5 gene [60]
Similarly, the second most significant additional cluster on
BTA-14 (region A7) in dataset A harbours the PLAG1 and
CHCHD7 genes which have been mapped for stature in
cattle and human [17,19,20,48,67,69,70].
Double muscle cattle
The highest CSS scores were found in the candidate
regions on BTA-2 (region B1) which harbours the
functional mutations in MSTN gene for double musc-
ling in cattle. In dataset B, several genes of interest
were found in four additional clusters at regions B2
B6, and B8. Region B2 contains the FRYL gene within
the peak at 68.0 Mb position on BTA-6. Significant se-
lection signatures have previously been detected in
this region and its flanking gene PDGFRA. This gene
has been found connected to multiple molecular net-
works involving β-estradiol and is associated with
reproduction in cattle [13]. Region B6 harbours solute
carrier family genes, SLC25A33 and SLCC45A1 cover-
ing the 45.0-46.0 Mb position on BTA-16. This region
was reported as carrying highly differentiated loci andextended haplotype homozygosity in multiple breeds
[71]. Region B8 contains the MC1R gene near the peak
at 14.0-15.0 Mb position on BTA-18, where strong selec-
tion signatures have previously been identified involving
several breeds that have also been used in the present
study [15]. The melanocortin 1 receptor (MC1R) gene is
the candidate for coat colour in cattle [13,15,20,72,73].
Polled sheep
In polled sheep, the regions with highest CSS scores
were on OAR-10 (region C5) near the RXFP2 gene for
polledness. In addition, OAR-13 (region C8) and OAR-
25 (region C10) exhibit the two significant peaks at posi-
tions 68.0 Mb and 8.0 Mb, respectively. At the peak on
OAR-13 the footprints of selection have previously been
reported for the ASIP gene [11] which controls black
and white coat colour in sheep [74]. Selection signatures
have also been reported for the cluster on OAR-25
(region C10) but the gene(s) and cause of selection were
unknown Kijas et al. [11]. However, the low density
lipoprotein-related protein 4 (LRP4) gene, located near
this region (C10), controls the inhibitory function on
bone growth in human [75], hence, it may have some
role in horn formation or it may play some role in the
body size by controlling the body bone mass in sheep.
Furthermore, this region contains a putative major gene/
QTL for wool quality and fibre diameter across a range
of breeds [76,77].
,.
Signatures of selection in geographically isolated
Figure 4 Circos plot of genome-wide composite (CSS) and constituent (XPEHH, ΔDAF and FST) smoothed test statistics in European Bos
taurus cattle. Significant selection signatures in each test are highlighted with the red dots. Genes of important functions underlying the significant
genomic regions identified by CSS are annotated and complete list of genes is available in (Additional file 13: Table S5). Circos plot was created using
modified functions from the R package “RCircos” [63].
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The genomic region with highest CSS scores was found
on OAR-2 (region D4) near the MSTN gene for double
muscling in Texel sheep breeds. In dataset D, all the
additional significant peaks are also on OAR-2 and are
in the candidate region or in LD with the candidate gene
location spanning a region of almost 10 Mb. These re-
sults suggest that a very strong selection pressure would
identify a broad genomic region of selection signature
which may limit the power of fine-mapping and identify-
ing the causal mutation in such a resource population
However, the complementary signals from constituent
statistics at the target gene notably improved the magni-
tude of CSS.Clearly across all traits in both species, composition of
the breed panel in which selection signatures are to be
detected may give rise to associations with more than
one trait, i.e. confounding, which could give rise to spuri-
ous signals open to misinterpretation. Hence, independent
validation or within-breed linkage studies may be required
for further confirmation of such selection signatures.Bos taurus
Strong selection signatures for several economically im-
portant traits in European cattle were identified at five
genomic regions (Figure 3-A, Figure 4). At the proximal
..
,
,
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whole group. While the polled phenotypes is not com-
mon in all the European breeds, due to the economics
of dehorning and increased demand for animal safety ac-
quired in the natural polledness, the POLL locus is being
introgressed in most of the commercial cattle breeds
Moreover, our results can also be explained as the com-
mon haplotypes at the POLL locus found to be shared in
several polled and horned breeds [47].
On BTA-13, CDC123 and CAMK1D genes have been
reported to participate in various functions of pancreatic
beta-cell and genetic variants at this locus have been as-
sociated to type 2 diabetes susceptibility in human [78]
The associated gene pair has been known for its role in
insulin-related metabolic traits [79]. In European cattle
these genes may be involved in several metabolic path-
ways for sufficient availability of energy for improved
growth, production and maintaining body temperature
in a temperate environment.
The prominent selection signal at the proximal end of
BTA-14 underlies the DGAT1 gene that has been re-
ported to have a significant role in several traits of dairy
and beef production [14,28,80-84]. At another location
on BTA-14, the stature (PLAG1-CHCHD7) genes (as
discussed above) were also identified for the European
group. The region on BTA-14 has been found to have a
significant enrichment for the runs of homozygosity
(ROH) – an indicator of strong LD – in the majority of
cattle breed types (beef, dairy, English, European etc.)
using the SNP data from the 50K and 800K BovineSNP
chip assays [46]. Cattle have extensive LD patterns com-
pared to human [85]. LD is likely to be even more exten-
sive in the vicinity of a selective sweep and hence the
frequency of selected alleles in these regions is likely to
be high, being driven towards fixation [86].
The extreme peak in CSS for European cattle was
found near the centre of BTA-16. The existence of a
huge CSS can be explained such that several genes at
this region have been reported as the candidate of
strong selection. Signatures of selection have identified
SLC25A33 and SLCC45A1 genes for their important role
in immunity related to tropical adaptation [71]. Simi-
larly, PIK3CD and SPSB1 genes were also identified
under selection respectively linked to immune response
and immune regulation in both Angus and Simmental
[17]. Signatures of selection have also been found in sev-
eral breeds for NMNAT1 [32] and RERE [17] genes
which have been associated with embryonic growth and
reproductive development. At the same location, the
KIF1B gene was identified under strong selection in
Holstein cattle [13]. In addition, another gene, AGTRAP
which is located at 1 Mb upstream to the CSS peak, has
been identified for dairy production due to its role in
mammary glands [15].Overall, in European cattle, we note that the mag-
nitude of CSS scores corresponded to the diversified
and extensive role of underlying candidate genes.
This provides further evidence for CSS to capture
trait-specific genomic regions as illustrated in valid-
ation datasets.
In the African Bos taurus, in general, the lack of pro-
nounced selective pressures as compared to the European
counterparts has resulted in localizing the significant CSS
in non-genic regions or regions harbouring genes of
unknown effects (Additional file 13: Table S5). Additional
limiting factors such as SNP ascertainment bias and high
admixture in African taurine due to excessive crossbreeding
with African indicine cattle could also have contributed to
the randomly dispersed signatures of selection.
The effects of SNP origin (ascertainment bias) on vari-
ous estimators of population genetic parameters and
some practical methods for correcting them have been
discussed elsewhere [87-90]. In cattle, the SNP panel
(50K BovineSNP chip) was designed predominately based
on the genetic polymorphisms in European breeds
[3,17,52] which resulted in low representation of rare
variants, thus a lower SNP diversity within some
non-European cattle breeds, especially in Bos indicus
or African Bos taurus. The SNP ascertainment bias
has been found to have profound effects in the com-
bined analysis of worldwide breeds [3,10,38]. The sig-
nificant SNPs clustering in composite tests partly
depend on the haplotype-based component tests, es-
pecially those that are derived from EHH [16,23,38],
which can be significantly affected by breeds used to dis-
cover SNPs [91].
We adopted a cautious approach by excluding the
indicine breeds from the available genotypic data of the
African cattle [10,38,49] to minimize diversity within the
African cattle group in dataset E. Generally, morpho-
logical and genetic data suggest a common origin for
African and European taurines [39]. That can be suitable
in analyses of multi-breed group comparison, i.e., assum-
ing that both populations are closely related, while
differentially selected at a few genomic regions. Never-
theless, phylogenetic investigations have shown early
divergence between the African and European taurine
cattle and high genetic relatedness between the African
taurine and indicine cattle [3,10]. Indicine allelic enrich-
ment in the African taurines Y-chromosome [92] and
autosomal SNPs has also suggested a high genetic ad-
mixture in several African breeds [10], that could have
swept out several taurine-specific genomic regions. Hence,
genome-wide high heterogeneity within the African co-
hort could not help resolve the mapping signature of
selection for various candidates of selection; for example,
climatic adaptation and resistance to various pathogens in
African Bos taurus [49,64].
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the African breeds are more likely to capture genomic
regions that have been targets of selection in those
breeds, as the genome-wide scans for selection signa-
tures comparing relatively close populations are least
confounded by common biases [93]. Moreover, add-
itional accuracy is also expected by using high-density
SNP panels such as the BovineHD SNPchip (800K SNPs)
that has been designed to be less sensitive to the ascer-
tainment bias for non-European cattle breeds [94].
Overall, despite the several confounding factors that
may have limited the localization of previously known
genes in the African cattle, the existence of significant
CSS in functionally unknown genes and noncoding
regions indicate putative regions under selection. In
several species, the non-coding DNA sequences have
been predicted for their multiple roles in structural and
regulatory mechanism of chromosomes including DNA
replication, epigenomic modifications, regulation of tran-
scription and translation. With the knowledge of incom-
plete genomic annotations and several genes of unknown
functions in cattle, the functional importance of noncod-
ing regions under evolutionary selective pressure cannot
be underestimated. Functional annotation approaches and
resources [95] such as, across species comparison for
conserved DNA sequences may help further elucidate the
uncharacterized selective sweeps of our results.
FDR and power of CSS
Considering all the individual regions as independent
events of selection in the genome, all the identified gen-
omic regions in validation datasets had a much higher
proportion of significant SNPs (q < 0.05) as compared to
the rest of the genome in each dataset (Figure 2, Table 3)
Overall, combining multiple test statistics reduced the
false signals of CSS as compared to individual constitu-
ent tests (Additional file 10: Table S4). The strategy of
grouping the phenotypically alike populations applied in
the present study could have further reinforced the se-
lection signals at the common trait’s candidate regions
while neutralizing the population specific patterns of
diversity elsewhere [15].
The power (sensitivity) of the individual methods to
discriminate between true positives (due to directional
selection) and false positives (due to the forces other
than selection) is a critical factor in the choice of selec-
tion tests. A combination of multiple statistics is ex-
pected to improve the power of composite statistics by
complementing the detectability of positive selection by
individual tests [96], e.g., the haplotype-based tests may
be affected due to the distribution of recombination hot-
spots across the genome [31]. Haplotypes, on the other
hand, being patterns of multiple SNPs, are less sensitive
to ascertainment schemes of the genome-wide panels ofSNPs. SNP-based tests localize in unknown and non-genic
regions more frequently and are less specific as compared
to haplotype estimates as shown in (Additional file 10:
Table S4) and Qanbari et al. [32]. CSS combines multiple
characteristics of the genetic diversity from the single
locus polymorphisms and haplotype patterns which makes
it less sensitive to the confounding effects of demography
and recombination [97,98]. However, CSS being a com-
posite of SNP and haplotype-based test statistic, can still
be sensitive to SNP density, SNP ascertainment bias and
the extent and variation of LD across the genome.
The power of most studies of genome-wide selection
scans is low because of the small sample sizes, SNP density,
SNP ascertainment scheme and the test statistics used.
Panels of outbred populations consisting of multiple breeds
can be used to increase the sample size and to enhance the
power of CSS. A large number of samples genotyped with
various SNP panels are becoming available in many species.
These data can be combined using imputation strategies
[99] to increase the power of CSS.
It is noteworthy to mention that without simulations,
qualitative evaluation of gain in power of CSS is not
possible for comparison with the constituent tests.
Similarly, a direct comparison of CSS with the previ-
ously published methods of combining multiple statis-
tics [16,23,31,33,34,100] requires simulation data from
robust models to depict the underlying dynamics of
the population of interest along with powerful compu-
tational tools for permutation iterations [15]. Such
comparisons are difficult for a real dataset where it is
almost impossible to subset contrasting populations
for a single event of selection. However, successful and
improved localization of candidate genes in cattle and
sheep, by simply combing rank distributions of con-
stituent tests, indicates the power of CSS. Moreover,
CSS can incorporate additional test statistics to add
power for localizing the selection signature. The choice of
additional tests to incorporate complementary evidence
may be based on their unique power under various as-
sumptions of selection, availability of data information
(phasing of ancestral and derived alleles) and a priori as-
sumptions about the dynamics of populations of interest.
Established selection tests, such as the across-population
Rsb [30] test and within-population estimates of positive
selection including integrated haplotype scores (iHS) [60],
haplotype allelic count statistics called Svd [97] and com-
posite log likelihood (CLL) [15], can also be included in
the CSS computation. However, combining too many
selection tests of similar specificity might bias the CSS
scores towards those characteristics of related tests.
This bias may be misleading when interpretations are
made to generalize the contribution of all the compo-
nent test statistics. Care is thus required to select
constituent tests of CSS.
..
.
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didate genes for complex networks and selection events
e.g., domestication, adaptation and production traits
Complex traits are usually controlled by a very large
number of loci of small effects; consequently, selective
pressures on their causal mutations drive a very slow
change in the allele frequencies. This makes it more
challenging to discover such genetic variants of small ef-
fects. Comprehensive phenotypic records and robust trait-
wise classification are required to efficiently characterize
complex traits under selection. CSS can be further tuned
with additional selection tests appropriate to distinguish
genomic regions under selection for complex traits. To ro-
bustly map positive selection for complex traits, some spe-
cialized tests, such as birth date selection mapping [101]
designed to identify small changes in the allele frequency
due to selection of polygenic traits can be appropriate
The biological functions underlying polygenic inheritance
are controlled by the interactions between large networks
of genes. Selective pressures depend on the degree of con-
tribution and the position of genes in the network [102]
The evolutionary properties of the complex traits can be
captured by exploring gene networks for the genes under
the selective sweeps. Overall, using CSS along with GWAS
[34], QTL mapping [100] and approaches including gene
pathways [103] can elucidate the mechanism underlying
diversity in complex traits.
Conclusion
We developed a method, composite selection signals
(CSS), which appears to be efficient in identifying selec-
tion signatures for traits and genes that have evolved
rapidly under various selection pressures. It is a very ro-
bust method for detecting selection signatures, as it does
not depend on any distributional assumptions (normal-
ity) of the constituent test statistics, and additional test
statistics can easily be included, if they become available
The existence of strong signals linked to known candi-
date genes, even in the absence of any casual SNP in the
genotype data, validates the utility of the breed grouping
strategy and methodology for deriving composite selec-
tion signals. In addition, estimates of FDR also provide
clear evidence that any cluster of significant SNPs cap-
tured by CSS is highly likely to contain a strong candi-
date (gene or variant) of positive selection.
The majority of significant peaks outside the candidate
regions in validation subsets were linked to various add-
itional phenotypic classifications of cattle and sheep
cohorts. For example, implementation of CSS identified
UQCC-GDF5 as the plausible candidate genes for stature
which have known effects on development and skeletal
growth. Our results also replicated the previously re-
ported candidate locus containing PLAG1-CHCHD7
genes for stature in cattle. Other notable secondaryphenotypes include; coat colour, reproduction, bone
growth and multiple functioning transporters of the sol-
ute carrier family of genes.
In European cattle, the historical impacts of long-term
selection pressures for economically important traits
were identified for polledness, adaptation, metabolism,
growth rate, stature, immunity, reproduction and several
candidate genes related to dairy and beef production.
The presence of spurious selection signals is much
lower in CSS as compared to individual constituent tests
due to the unique signals of each constituent selection
test are reduced while combining multiple test statistics.
Taken together, CSS provides an improvement for the
predictions of positive selection and demonstrates that
probing the multiple pieces of evidence for positive se-
lection can provide important insights into understand-
ing trait-specific gene evolution.
Data availability
R scripts and high quality images are available from the
corresponding author on request.
Additional files
Additional file 1: Table S1. The information about the breeds, animals
and phenotype categories of cattle samples.
Additional file 2: Table S2. The information about the breeds, animals
and phenotype categories of sheep samples.
Additional file 3: Table S3. Chromosome wise information regarding
genotyping data of cattle and sheep.
Additional file 4: Figure S1. Manhattan plots of SNP-wise scores for
each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔDAF) for polled
cattle (dataset A). Gray dots in the background show raw scores and blue
and orange dots in the foreground show smooth scores, averaged over
SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold
of top 0.1 percentile of the genome-wide smoothed scores for each of
the selection test statistics. Red square dots in each plot show the
genome-wide highest raw signals.
Additional file 5: Figure S2. Manhattan plots of SNP-wise scores for
each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔDAF) for double
muscle cattle (dataset B). Gray dots in the background show raw scores and
blue and orange dots in the foreground show smooth scores, averaged
over SNPs within 1 Mb sliding windows. Red dotted lines indicate a
threshold of top 0.1 percentile of the genome-wide smoothed scores for
each of the selection test statistics. Red square dots in each plot show the
genome-wide highest raw signals. The square dots are in dark brown colour
in B plot as the highest FST signals is more than 3 Mb upstream from the
known candidate region on chromosome 2.
Additional file 6: Figure S3. Manhattan plots of SNP-wise scores for
each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔSAF) for polled
sheep (dataset C). Gray dots in the background show raw scores and blue
and orange dots in the foreground show smooth scores, averaged over
SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold
of top 0.1 percentile of the genome-wide smoothed scores for each of
the selection test statistics. Red square dots in each plot show the
genome-wide highest raw signals.
Additional file 7: Figure S4. Manhattan plots of SNP-wise scores for
each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔSAF) for double
muscle sheep (dataset D). Gray dots in the background show raw scores
and blue and orange dots in the foreground show smooth scores, averaged
over SNPs within 1 Mb sliding windows. Red dotted lines indicate a
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http://www.biomedcentral.com/1471-2156/15/34threshold of top 0.1 percentile of the genome-wide smoothed scores for
each of the selection test statistics. Red square dots in each plot show the
genome-wide highest raw signals. The square dots are in dark brown colour
in C and D plots where the highest XPEHH and ΔSAF signals are more than
3 Mb upstream and downstream, respectively, from the known candidate
region on chromosome 2.
Additional file 8: Figure S5. Distribution of the number of SNPs in
1 Mb sliding windows in cattle (A) and sheep (B). Bars in A and B
indicate the frequency of sliding windows containing various number of
SNPs out of the genome-wide distribution, i.e., 38,610 SNPs of cattle and
47,502 SNPs of sheep data, respectively (details in Table 1, S3). The bars in
red (black) colours show the mean ≈median (mode) numbers as 17 (18)
and 19 (20) of SNPs for cattle and sheep data, respectively.
Additional file 9: Figure S6. Genome-wide pairs plots (lower
diagonals), histograms (diagonals) and correlations (upper diagonals) for
constituent (XP-EHH, ΔSAF, FST) and composite selection signals (CSS) for
polled (A), double muscle (B), cattle polledness (C) and double muscling
(D) in sheep.
Additional file 10: Table S4. Complete list of genomic regions and
genes harbouring significant SNPs identified by four tests in four cohorts
of cattle and sheep data. Cluster of minimum three significant SNPs
within a window spanning 1 Mb genomic locations centred on a core
SNP above the threshold (top 0.1%) in multiple tests (smoothed statistics)
are reported and are compared with each other.
Additional file 11: Figure S7. Histograms of Mean Z, raw p-value and
calibrated p-values distributions of the CSS: Histograms (top to bottom in
each column) for polled cattle (column 1, red), double muscle cattle
(column 2, green), polled sheep (column 3, purple) and double muscle
sheep (column 4, blue).
Additional file 12: Figure S8. False discovery rate (FDR) against p-values:
q-values were calculated from the calibrated p-values. Vertical dotted (……)
and dashed (−−−−−) lines indicate calibrated p-values at 0.01 and 0.05,
respectively. Horizontal dotted and dashed lines indicate q-values (FDR)
at 0.05 and 0.1, respectively.
Additional file 13: Table S5. Selection signatures in European and
African Bos taurus cattle populations. Complete list of selection signatures
identified by composite (CSS) and constituent (XPEHH, FST, ΔDAF)
selection tests.
Additional file 14: Figure S9. Genome-wide comparison of using SNP
genotype data from all breeds (Total: 46 breeds and N = 847), breeds
with minimum 10 samples (Total: 26 breeds and N = 753) and breeds
with minimum 20 samples (Total: 20 breeds and N = 652) for computing
CSS (A), XP-EHH (B), ΔDAF (C) and FST (D) for European Bos taurus cattle.
Additional file 15: Figure S10. Chromosome-wise comparison of
average derived allele frequencies (A) and average minor allele frequencies
(B) between European and African Bos taurus cattle breeds.
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Chapter 4 
Detecting Composite Selection Signals for Complex Traits 
(This chapter is presented as a manuscript submitted for publication to a peer-reviewed journal) 
Imtiaz A. S. Randhawa, Mehar S. Khatkar, Peter C. Thomson and Herman W. 
Raadsma. Composite Selection Signals for Complex Traits Exemplified through 
Bovine Stature using Multi-breed Cohorts of European and African Bos taurus. 
(Under review) 
4.1 Abstract 
Understanding the evolution and molecular architecture of complex traits is important in 
domestic animals. Under phenotypic selection, genomic regions develop unique patterns of 
genetic diversity called signatures of selection, which remain challenging to detect for 
complex traits. In this study, we apply a novel method, composite selection signals (CSS), 
to investigate evidence of positive selection in a complex polygenic trait by examining 
stature, in phenotypically diverse cattle comprising of 47 European and 8 African Bos 
taurus breeds, utilizing a panel of 38,033 SNPs genotyped on 1,106 animals. CSS were 
computed for contrasting phenotypes between multi-breed cohorts of cattle by classifying 
the breeds according to their documented wither height to detect the candidate regions 
under selection. CSS successfully detected clusters of signatures of selection at 26 regions 
(9 in European and 17 in African cohorts) on 13 bovine autosomes. Using comparative 
mapping information on human height, 30 candidate genes mapped at 12 selection regions 
(on eight autosomes) could be linked to bovine stature diversity. Of these 12 candidate gene 
regions, three contained known genes (i.e., NCAPG-LCORL, FBP2-PTCH1 and PLAG1-
CHCHD7) related to bovine stature, and nine were previously undescribed in cattle (five in 
European and four in African cohorts). Overall, this study demonstrates the utility of 
composite selection signals, CSS, coupled with strategies of combining multi-breed datasets 
in the identification and discovery of genomic regions underlying complex traits. 
Characterization of multiple signatures of selection and their underlying candidate genes 
will elucidate the polygenic nature of stature across cattle breeds. 
 
Keywords: Body size; Outbred populations; Polygenic traits; Signatures of selection; 
Stature genes 
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4.2 Introduction 
Genomes which have experienced selective pressure due to their functional role in 
phenotypic diversity, contain unique patterns of genetic diversity called signatures of 
selection (OLEKSYK et al. 2010). Recent progress in molecular genetics has provided 
powerful tools to generate and analyze genetic polymorphism data (HANCOCK AND DI 
RIENZO 2008; LENSTRA et al. 2011; CRISCI et al. 2012). Consequently, genome-wide scans 
to detect signatures of selection have been conducted in several species to understand the 
role of molecular variants in shaping their genetic diversity (GIBBS et al. 2009; AKEY et al. 
2010; KIJAS et al. 2012; ZHANG et al. 2012; PETERSEN et al. 2013; RAMEY et al. 2013; 
UTSUNOMIYA et al. 2013; QANBARI et al. 2014).  
Footprints of sustained selection in livestock are generally diverse and complex. It has been 
a great challenge to differentiate between the neutrally (due to random drift) and rapidly 
(due to selection) evolving traits (HOHENLOHE et al. 2010). In general, signatures of 
selection are identified from the patterns of DNA variation without recorded phenotypic 
information on populations under investigation. Nonetheless, the signatures of selection 
detected between populations are often indicative of segregating regions of functional 
mutations underlying divergently selected quantitative traits (HAYES et al. 2008; HAYES et 
al. 2009).  Identification of the trait-specific genomic regions requires comprehensive 
phenotypes of the populations to analyze the causal effects of selection (DECKER et al. 
2012). In complex genomes such as mammalian species, the functional mutations and their 
systematic patterns of polymorphism exist in multiple locations. However, using approaches 
to date it has often been difficult to localize any exclusive historical selection events for 
complex traits (KEMPER et al. 2014). A number of tests are available to detect candidate 
regions under selection, which often provide differing results from the same genomic 
dataset (QANBARI et al. 2011; CRISCI et al. 2012). Combining several tests with 
complementary characteristics can improve the ability to localize the candidate regions 
under selection (GROSSMAN et al. 2010; UTSUNOMIYA et al. 2013).  
Recently, we developed a composite selection signal (CSS) test (RANDHAWA et al. 2014), a 
weighted index of signatures of selection from multiple estimates, to identify genomic 
regions under selection in domestic species. We demonstrated that CSS is a robust method 
to identify loci for across-population genetic diversity of genomic regions and linking them 
to target phenotypes of monogenic traits under selective pressure (RANDHAWA et al. 2014). 
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CSS can be extended to complex traits. Further, it is expected that co-selection on multiple 
genomic loci underling a complex trait can be captured in the form of CSS by combining 
the signals detected from the patterns of population differentiation, derived allele frequency, 
and the extended haplotype homozygosity.  
Diversity in bovine stature can potentially be used as a model to demonstrate the application 
of new approaches, such as CSS, for the detection of selection for complex traits in cattle, 
given that the trait can be easily measured and data are available in a wide range of 
worldwide breeds. Notably stature is a trait strongly influenced by domestication (KARIM et 
al. 2011), and has a known history of selective pressure over time, both negative and 
positive (AJMONE-MARSAN et al. 2010; FORTES et al. 2013). Stature (or adult height) is a 
complex trait under polygenic control with high heritability in many mammalian species 
including cattle (LANKTREE et al. 2011; LETTRE 2011; KEMPER AND GODDARD 2012). 
Genetic architecture of height has been extensively investigated to identify genes with 
major effects across the genome of multiple species, although the leading model has been 
the human genome (LETTRE et al. 2008; SANNA et al. 2008; SHIURA et al. 2009; LANKTREE 
et al. 2011; DENG et al. 2013; RIMBAULT et al. 2013; TETENS et al. 2013). To date only a 
few genes responsible for stature including body size traits have been reported in cattle from 
genome-wide association studies (GWAS) (PRYCE et al. 2011; FORTES et al. 2013; 
HOSHIBA et al. 2013; LI et al. 2013; BOLORMAA et al. 2014). The quantitative trait loci 
(QTL) and signatures of selection mapped at the candidate regions suggested role of 
underlying genes in diversity of stature across various breeds (KARIM et al. 2011; 
NISHIMURA et al. 2012; DRUET et al. 2013; RAMEY et al. 2013; KEMPER et al. 2014). 
Comparative mapping provides another evidence that some orthologous genes of human 
and cattle affect stature in both species (PRYCE et al. 2011). Therefore, the comparative  
mapping of genes identified in human GWAS can provide evidence to elucidate additional 
candidate gene regions in cattle (VISSCHER AND GODDARD 2011) since known genes 
account only for a small proportion of the phenotypic variation in bovine stature (Kemper 
and Goddard 2012). 
Selective pressure on phenotypically similar populations may have acted on the same causal 
variants in analogous genes (PICKRELL et al. 2009; STELLA et al. 2010; KIJAS et al. 2012). 
Therefore, a multi-breed panel that combines phenotypically alike breeds and comparing 
such multi-breed groups for contrasting phenotypes can maximize the detectable signatures 
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of selection for bovine stature (BARENDSE et al. 2009; STELLA et al. 2010; VISSCHER AND 
GODDARD 2011; KEMPER AND GODDARD 2012).  
This study applies the CSS method to identify candidate genomic regions harboring genes 
responsible for bovine stature, a polygenic complex trait. Cohorts of contrasting phenotypes 
were investigated in multi-breed panel comparisons using morphological information on 
wither height of 55 worldwide breeds of European and African Bos taurus. Finally, we 
compiled orthologous genes from several GWAS on human height and mapped them on the 
bovine genome assembly (UMD3.1) to explicate the significant genomic regions in cattle 
defined by CSS.  
4.3 Materials and Methods 
4.3.1 Genotypic data 
In total, 1,106 animals of 55 breeds were genotyped with an Illumina BovineSNP50 chip 
assay. Information regarding DNA samples and SNP genotypes were previously reported 
(DECKER et al. 2009; GAUTIER et al. 2009; GAUTIER et al. 2010). The duplicate samples 
across multiple datasets of cattle were identified and removed based on an IBS matrix 
computed using PLINK (PURCELL et al. 2007). IBS matrix estimates the genetic 
relationship based on genome-wide SNPs similarity. After quality control, 38,033 SNPs 
mapped on UMD3.1 bovine assembly and with minor allele frequency (MAF) > 0.01 were 
retained (Table S4.1). Ancestral and derived allelic phases of these SNPs were determined 
based on information on several closely related out-group species (DECKER et al. 2009; 
MATUKUMALLI et al. 2009). Imputation of missing genotypes and haplotype phasing were 
performed with BEAGLE 3.3 (BROWNING AND BROWNING 2009). Various analyses for 
European and African cohorts were performed using polymorphic and phased SNPs within 
each cattle type. 
4.3.2 Phenotypic data 
Bovine stature is generally defined as height at the withers; however, this information was 
not directly available on the genotyped animals of the selected breeds. Therefore, in this 
study, for a broader perspective of phenotypic characterization, wither height of 47 
European Bos taurus breeds (listed in Table S4.2) and eight African Bos taurus breeds 
(Table S4.3) reported by 52 countries was acquired from the online database (DAD-IS 
2014) of the Food and Agriculture Organization (FAO). Availability of breed averages for 
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wither height ranged from few (at least from the country of breed origin or country of DNA 
sampling) to many (37) countries. Breed-wise as well as overall estimates of median, upper 
quartile and lower quartile were computed to categorize breeds into phenotypically 
contrasting cohorts (see below). For this purpose, firstly, country-wise stature data for each 
breed were prepared from the averages of male and female withers heights (cm). Secondly, 
if a breed is represented by a single country, then the country’s average stature for the breed 
is used to represent the breed, otherwise the median stature from multiple country’s 
averages is used. 
4.3.3 Multi-breed cohorts of contrasting stature 
The contrasting cohorts of multiple breeds, within European (Table S4.2) and African 
(Table S4.3) breed types, were defined for analyses following the expectation that 
identification of plausible signatures of selection for stature would require a relatively 
stringent separation of breeds and sufficient sample sizes in each cohort. Therefore, a 
stringent strategy was adopted to construct two cohorts of contrasting phenotypes i.e., the 
LARGE and SMALL stature cohorts (Figure S4.1). The individual breeds that have their 
median stature above the overall upper quartile and below the overall lower quartile were 
categorized into the LARGE and the SMALL cohorts, respectively. Moreover, the LARGE 
cohort’s breeds (represented by several countries) are further restricted to have their 
individual lower quartiles above the overall median and the SMALL cohort’s breeds 
(represented by several countries) have their individual upper quartiles below the overall 
median. Separate analyses to identify signatures of selection were performed to compare the 
LARGE and SMALL cohorts of European and African breeds. 
4.3.4 Composite selection signal (CSS) 
The detailed method of computing CSS is given in RANDHAWA et al. (2014). Briefly, the 
CSS statistics were computed at each locus by combining three popular constituent 
selection methods; namely, change in allele diversity by FST (WEIR AND COCKERHAM 
1984), across population extended haplotype homozygosity (XP-EHH) test (SABETI et al. 
2007) and change in derived allele frequencies (ΔDAF) test (GROSSMAN et al. 2010). The 
composite statistics (CSS) were computed as follows:  
1. For each constituent method, test statistics were ranked (1, ..., n) genome-wide on n 
SNPs. 
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2. Ranks were converted to fractional ranks (r) (between 0 and 1) by 1/(n + 1) through 
n/(n + 1). 
3. Fractional ranks were converted to z-values as z = Φ-1(r) where Φ-1(⋅) is the inverse 
normal cumulative distribution function (CDF).  
4. Mean z scores were calculated by averaging z-values across all constituent tests at each 
SNP position and p-values were directly obtained from the distribution of means from a 
normal distribution. 
5. Logarithmic (–log10 of p-values) of mean Z distribution were declared as CSS and were 
plotted against the genomic positions to identify the significant selection signals.  
6. To reduce spurious signals, the empirical CSS scores were smoothed by averaging 
values within 0.5 Mb sliding windows on both sides at each SNP. The top 0.1% of 
smoothed CSS scores was used to declare a significant SNP relative to the rest of the 
genome. 
4.3.5 Genomic regions and genes under selection 
Following a similar approach of GIBBS et al. (2009) and KIJAS et al. (2012), significant 
genomic regions were defined as those that harbored at least one significant SNP (top 0.1%) 
flanked by a set of five or more adjoining SNPs in the top 1%. The genomic positions of the 
significant regions were defined by the first and last of the top 1% SNP in the cluster. In 
addition, multiple clusters localized in close proximity (~1 Mb) were considered as a single 
significant genomic region. 
The genes underlying the significant regions and surrounding locations (~1 Mb of cluster 
boundaries) were listed. These putative genes were searched for evidence of association or 
signatures of selection for stature within other mammalian species. For this purpose, the 
records of orthologous genes for the major GWAS reports on human height 
(GUDBJARTSSON et al. 2008; LETTRE et al. 2008; WEEDON et al. 2008; SORANZO et al. 
2009; KIM et al. 2010; LANGO ALLEN et al. 2010; OKADA et al. 2010; LANKTREE et al. 
2011) were mapped on UMD3.1 bovine genome assembly by matching the gene names 
(Table S4.4).  
In total, 268 orthologous genes were successfully mapped on the bovine autosomes (BTA) 
and were located in 134 genomic locations; termed as “candidate gene regions” here and 
defined by the consecutive orthologous genes located on a chromosome within 1 Mb 
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distance from each other. The number of genes per region ranged from 1 to 9 with an 
average size of 355 kb. Hence, the 134 regions harboring genes for human stature covered 
47.50 Mb (1.9%) of the bovine genome. In addition, after adding 1 Mb surrounding of each 
candidate gene region, these regions cover 7% of the bovine genome. Hence, finding a 
candidate gene carrying CSS region out of those 134 regions as expected by chance is equal 
to 7%.  
To compare whether the proportion of identified regions linked to the bovine stature in 
various analyses was by chance, we performed a permutation test whereby the animals were 
randomly assigned to two cohorts under a no-selection model (with sample sizes equal to 
the real cohorts). Five sets of independently permuted cohorts, separately for European and 
African breeds, were analyzed by CSS and the results were compared against the empirical 
cohorts.  
Finally, signatures of selection identified by CSS in candidate gene regions were further 
classified as previously reported in cattle or novel. Signatures of selection outside of the 
candidate gene regions were considered as regions of interest that may be putatively related 
to stature. 
4.4 Results 
4.4.1 Classification of breeds into phenotypically contrasting cohorts 
From the DAD-IS (FAO) data (DAD-IS 2014), the overall lower quartile (Q1), median and 
upper quartile (Q3) for the combined values for wither height of 47 European breeds were 
134 cm, 140 cm and 143 cm, respectively (Figure 4.1A). In comparison, the average wither 
height for the European LARGE (11 breeds) and European SMALL (12 breeds) stature 
cohorts were 149.4 cm and 127.1 cm, respectively (Table S4.2). The minimum median (145 
cm of Charolais and Montbeliarde breeds) of the LARGE cohort and the maximum median 
(133.5 cm of Finnish Ayrshire and Belted Galloway breeds) of the SMALL cohort values 
were separated by 11.5 cm.  
The DAD-IS (FAO) data for the eight African breeds overall Q1, median and Q3 for wither 
heights calculated were 100 cm, 106 cm and 115 cm, respectively (Figure 4.1B). The 
average wither height for the African LARGE (two breeds) and African SMALL (three 
breeds) stature cohorts were 138.5 cm and 97.1 cm, respectively (Table S4.3). The 
separation of closest medians at the tails of the two African cohorts was 31.7 cm.  
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Overall, the distribution of breed-wise data (Figure 4.1) shows that implementing the 
stringent grouping strategy resulted in a clear separation (contrast) of wither height (stature) 
between the LARGE and the SMALL cohorts of the European and African categories. 
4.4.2 Significant composite selection signals (CSS) 
In the analysis of the European and African cohorts, 38 and 33 SNPs represented the top 
0.1%  respectively, based on ranks of smoothed CSS and these were used to map the 
significant genomic regions. The number of top 0.1% SNPs within each significant region 
ranged from 1 to 20 (Figure S4.2). The number of significant regions ranged from four to 
nine (Table 4.1). The number of top SNPs per region and region size was highest in the 
European cohorts and lowest in the African cohorts (Figure S4.2). Median (mean) size of 
the significant regions was 920 kb (1.20 Mb), ranging from 410 kb to 3.46 Mb. Moreover, 
merging two neighboring regions of European SMALL cattle cohort on BTA-3 increased 
the maximum region length to 6.34 Mb. 
4.4.2.1 CSS in European cattle cohorts 
Genome-wide distribution of the smoothed CSS (–log10p) for the LARGE and SMALL 
cohorts of European cattle identified nine genomic regions carrying clusters of significant 
SNPs (Figure 4.2A). A complete list of putative regions identified in the two cohorts of 
European Bos taurus is provided in Table S4.5. In the LARGE cohort, the selected regions 
were identified on BTA-3, BTA-6, BTA-14 and BTA-19. In the SMALL cohort, the 
selected regions were located on BTA-3, BTA-5, BTA-7, BTA-10 and BTA-16.  
4.4.2.2 CSS in African cattle cohorts 
The Manhattan plot for African cohorts shows smoothed CSS results from the inter-cohort 
comparisons (Figure 4.2B). We observed that the genome-wide CSS peaks were less 
pronounced in African cohorts compared with European breeds. A complete list of 17 
regions identified in the two cohorts of African Bos taurus is provided in Table S4.6. 
Overall, nine regions (on BTA-3, BTA-7, BTA-10, BTA-19 and BTA-22) were identified 
carrying selection signatures in the African LARGE cohort and eight regions (on BTA-4, 
BTA-6, BTA-7, BTA-8, BTA-10, BTA-11, BTA-15 and BTA-19) were identified in the 
African SMALL cohort. 
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Figure 4.1: Distribution of the wither height (cm) of the 47 European (A) and eight African (B) Bos taurus breeds. Each colored dot represents 
the median of a breed’s stature using FAO data from the multiple countries and the vertical error bars range between the upper and lower 
quartiles. Several breeds are represented from a single country; therefore, they do not have error bars. The horizontal dashed red, green and blue 
lines respectively represent the overall upper quartile, median and lower quartile of all breeds’ data. The red, green and blue dots represent cattle 
breeds categorized in the LARGE, MEDIUM and SMALL stature cohorts, respectively (see Figure S4.1). Boxplots show distribution of breed 
median data for stature within each cohort. In plot A, Dexter breed (○) is shown as an outlier due to its smaller size (median stature = 105 cm) as 
compared to other breeds in the SMALL European cohort. 
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Figure 4.2: Manhattan plots of genome-wide (smoothed) composite selection signals (CSS) in the LARGE and SMALL cohorts of (A) 
European and (B) African breeds. Each cohort was compared against the other as a reference population, as shown in each Manhattan plot for 
positive and negative CSS scores above or below the dashed lines. Dashed lines (red for positive CSS and blue for negative CSS) indicate the 
cut-off at the top 0.1% of the genome-wide smoothed CSS distribution. 
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4.4.3 Genomic regions and candidate genes for stature  
Table 4.1 shows summary of the significant regions in each cohort with comparison to 
respective reference populations within the European and African categories. It also shows 
number of regions harboring candidate genes associated with stature, which were found in 
human GWAS (Table S4.4). Overall, out of 9 and 17 significant genomic regions within 
the European and African cohorts, 7 (77.8%) and 5 (29.4%) were co-located with 
candidate gene regions that harbor stature-associated genes.  The remaining two and 12 
significant genomic regions in European and African cohorts, respectively, were identified 
outside the known candidate gene regions. Overall, 46% (n = 12 out of 26) of all 
significant CSS were co-located with candidate gene regions, this proportion is much 
higher as compared to the 7% expected by chance alone as described above (Figure S4.3).  
Figure 4.3 shows a summary comparison of empirical and permuted cohort results. 
Overall, 8.3% of the significant regions based on permuted CSS in five sets (i.e. 20 
permuted cohorts) contained stature-associated loci (Figure 4.3) that was in agreement to 
the 7% expected by chance (Figure S4.3). On average, only 6.7 and 9.8% of significant 
regions of permuted CSS from European and African cohorts had stature associated genes 
as compared to 77.8 and 29.4% of empirical regions, respectively. 
The Circos image (Figure 4.4) represents all of the 26 significant genomic regions, names 
of important candidate genes for bovine stature (Table 4.2) and the locations of all the 
orthologous genes from human GWAS (Table S4.4). Table 4.2 shows the list of those 12 
genomic regions that harbor 30 candidate genes, which have previously been associated 
with stature in human GWAS and other species. The results from the major contrasting 
cohorts, especially LARGE and SMALL cohorts of European Bos taurus, were supportive 
to our strategy of finding candidate gene regions by grouping phenotypically alike breeds. 
All the significant signatures of selection, (four out of four), identified in the European 
LARGE cohort contained known candidate genes, viz. within Region 1 (gene: DUSP23), 
Region 6 (NCAPG, LCORL), Region 10 (TGS1, LYN, RPS20, MOS, PLAG1, CHCHD7, 
SDR16C5, RDHE2, PENK) and Region 11 (POLR2A). However, in cattle, only Regions 6 
and 10 have previously been investigated in relation to stature. In the European SMALL 
cohort, three out of the four significant genomic regions, i.e., Region 3 (PKN2), Region 5 
(ATP5G2, ATF7) and Region 7 (CAMLG, DDX46, TXNDC15, CATSPER3, PITX1) harbor 
candidate genes that were previously reported to be associated with human height.  
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In the African cohorts, several significant signatures of selection regions contained no 
known stature-associated candidate genes, consequently the percentage of selection 
regions with known candidate genes was lower, i.e. 29.4% ,which is almost one third of 
that of European cohorts (77.8%). In spite of that, this percentage in the African cohorts 
was almost three times more than that of the likelihood of occurrence by chance. 
Nevertheless, we identified five candidate gene regions (2, 4, 8, 9 and 12) in African 
cohorts that contain important genes for stature, as reported by multiple human GWAS 
(Table 4.2).  
 
Table 4.1: Summary of significant signatures of selection and the candidate regions 
containing stature associated genes 
Candidate populations Reference population a Total regions Categories Cohorts SMALL LARGE 
European LARGE 4 (4) 
b - 9 (7) SMALL - 5 (3) 
African LARGE 9 (2) - 17 (5) SMALL - 8 (3) 
Overall    26 (12) 
 
a Reference populations for candidate European cohorts were the contrasting European 
cohorts; similarly, African cohorts were compared against contrasting African cohorts. 
b Each cell shows number of significant regions identified by contrasting the candidate 
population against the reference population. The numbers within parentheses are 
significant regions that harbor candidate genes associated with stature. 
Complete CSS results are given in Figures and supplementary tables for European cohorts 
(Figure 4.2, Table S4.5) and African cohorts (Figure 4.2, Table S4.6). Significant 
signatures of selection (top 0.1% of CSS) and some candidate genes (complete list in 
Table 4.2) within each region are shown in Figure 4.4. 
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Figure 4.3: Comparison of empirical and permuted CSS scores for localization of 
significant regions harboring stature-associated genes. Solid horizontal lines, labeled with 
cohorts (European LARGE = 100%, European SMALL = 60%, African SMALL = 37.5% 
and African LARGE = 22.2%), indicate the percentage of significant genomic regions 
from each cohort that localized the stature associated genes. Dashed lines show the 
distribution of significant regions (%) harboring stature-associated genes in five sets of 
permutation cohorts that mimicked the empirical cohorts in matching colors. 
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Table 4.2: Significant selection regions that harbor candidate genes for stature identified by composite selection signals in all analyses of 
European and African cohorts  
Region BTA Location (Mb) Top 0.1% (1%) SNPs Candidate genes 
Candidate 
population References 
1 3 9.35 – 10.06 1 (15) DUSP23 European LARGE (LANKTREE et al. 2011) 
2 3 24.00 – 24.83 1 (9) SPAG17 African LARGE (WEEDON et al. 2008; KIM et al. 2010) 
3 3 50.62 – 56.96 5 (47) PKN2 European SMALL (LANKTREE et al. 2011) 
4 3 105.09 – 106.96 11 (30) SCMH1 African LARGE (WEEDON et al. 2008) 
5 5 26.88 – 27.50 4 (8) ATP5G2, ATF7 European SMALL (OKADA et al. 2010) 
6 6 38.29 – 39.75 10 (29) NCAPG, LCORL European LARGE 
(GUDBJARTSSON et al. 2008; WEEDON et al. 2008; 
SORANZO et al. 2009; LANGO ALLEN et al. 2010; 
OKADA et al. 2010; PRYCE et al. 2011) 
7 7 43.42 – 46.75 20 (36) CAMLG, DDX46, TXNDC15, CATSPER3, PITX1a 
European 
SMALL (GUDBJARTSSON et al. 2008) 
8 8 83.05 – 83.89 3 (13) FBP2, PTCH1 African SMALL 
(WEEDON et al. 2008; KIM et al. 2010; LANKTREE 
et al. 2011; PRYCE et al. 2011) 
9 10 59.38 – 59.97 1 (12) CYP19A1 African SMALL (OKADA et al. 2010; LANKTREE et al. 2011) 
10 14 24.79 – 28.25 21 (66) 
TGS1, LYN, RPS20, MOS, 
PLAG1, CHCHD7, SDR16C5, 
RDHE2, PENK 
European 
LARGE 
(GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
SORANZO et al. 2009; LANGO ALLEN et al. 2010; 
OKADA et al. 2010; PRYCE et al. 2011) 
11 19 27.64 – 28.63 6 (16) POLR2A European LARGE (LANKTREE et al. 2011) 
12 19 48.01 – 49.01 1 (14) WDR68, MAP3K3, LYK5, GH1 African SMALL 
(GUDBJARTSSON et al. 2008; SORANZO et al. 2009; 
LANKTREE et al. 2011) 
a Candidate gene locus is localized slightly over 1 Mb in the surrounding of a significant region. 
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4.5 Discussion 
4.5.1 CSS for complex traits 
The CSS approach demonstrates that the test is generally applicable to identify trait-specific 
genomic regions for complex traits by comparing phenotypically contrasting populations. The 
CSS test combines multiple pieces of evidence from the rank distribution of different selection 
tests in a weighted index of signatures of selection. The power of the test and its constituents 
(FST, ΔDAF and XP-EHH) depend upon the phenotypic and genetic divergence between the 
candidate and reference populations, as we demonstrated with simple binary monogenic 
(RANDHAWA et al. 2014) and complex polygenic traits (this study).  
Use of multi-breed cohorts has increased the discovery of trait-specific regions because of 
shared linkage disequilibrium between the causal mutations and neighboring SNPs (KEMPER 
AND GODDARD 2012) arising from long-term historical selection. Contrasting patterns of 
genomic variation at the putative regions under selection across groups, increases the 
likelihood of capturing the signatures of selection linked to stature. In our approach, signals of 
selection are amplified at candidate regions across breeds within groups, whilst background 
noise (false positive signals) is reduced in the rest of the genome. Such noise is usually 
expected from the demographic history of breed formation and random genetic drift (SEICHTER 
et al. 2012). Overall, application of the CSS method and grouping breeds according to their 
wither height identified candidate regions in the bovine genome for this complex trait. 
Detection of signatures of selection is valuable in the discovery of potential genomic regions of 
functional mutations affecting quantitative traits (HAYES et al. 2008). Recent investigations 
suggest that, in the absence of classic selective sweeps, signatures of selection for complex 
traits are less likely to be detected by using individual selection tests on single breed data 
(KEMPER et al. 2014). Our approach combines multiple selection tests and grouping of 
phenotypically-alike breeds, and has been found to be highly efficient at detecting signatures of 
selection and identifying candidate gene regions for complex traits. This approach makes use 
of existing resources under long-term historical selection and provides a relatively inexpensive 
entry for more detailed follow-up studies in the genetic architecture of complex traits. 
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Figure 4.4: Circos image showing localization of genome-wide significant regions and 
candidate genes across all cohorts. The inner circle shows a bovine chromosome (29 
autosomes) ideogram. The first outer circle, labeled as Stature Loci, shows the location of 134 
loci listed in Table S4.4 and each red dot represents a stature-associated candidate gene 
(clustered red dots, within a locus, located on top of each other represent multiple neighboring 
candidate genes implicated in the same or different GWAS studies). Two circles, in the middle, 
labeled as EUROPEAN COHORTS and AFRICAN COHORTS show cohort-wise genomic 
regions identified by top 0.1% CSS (legends in the centre for cohort-wise colored bars). The 
outer track shows genomic locations of 30 candidate genes within the 12 significant signatures 
of selection linked to bovine stature. Gene colors indicate whether they were identified in 
European (green) or African (purple) cattle types.  
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4.5.2 Detection of signatures of selection for bovine stature 
In this study, we used bovine wither height (stature) measures from an online resource, namely 
the  FAO database (DAD-IS 2014), recorded as averages for both males and females across 
multiple countries. Height and body size have generally been considered important traits in 
cattle during domestication. During early stages of domestication, selection favored animals 
with lower stature compared to wild ancestors (KARIM et al. 2011). However, during the recent 
past, strong selection for increased stature has been applied in selected breeds of modern cattle  
(AJMONE-MARSAN et al. 2010).  
We found 26 bovine genomic regions in European and African Bos taurus, carrying distinctive 
signatures of selection. Of these, 12 (46%) contained 30 stature-associated candidate genes 
derived from comparative mapping. We showed when cohorts of randomly permuted animals 
were tested, a much lower proportion (8.3%) of the significant regions contained candidate 
genes, which is consistent with random expectations (~7%). This suggests that our approach 
was powerful in capturing bovine genomic regions related to stature. Several of these should 
be considered novel since they were not previously reported in bovine. 
It is noteworthy why different genomic regions are detected in the LARGE and SMALL 
cohorts within European and African cattle. The cohorts within each cattle type were compared 
against each other to compute the constituent (FST, ΔDAF and XP-EHH) selection tests of 
CSS. Two selection tests (ΔDAF and XP-EHH) provide directional signatures of selection. 
This implicates that different gene variants are regulating stature in large and small breeds of 
cattle (VISSCHER AND GODDARD 2011).  
The significant CSS outside the candidate gene regions (in Table S4.5 and Table S4.6) may 
indicate putative genes associated with height or targets of selection for traits other than stature 
(GAUTIER et al. 2009; STELLA et al. 2010; DRUET et al. 2013; PORTO-NETO et al. 2013; 
RAMEY et al. 2013; ROTHAMMER et al. 2013; UTSUNOMIYA et al. 2013; KEMPER et al. 2014; 
PEREZ OBRIEN et al. 2014). Moreover, several additional significant CSS regions in African 
cattle have not been reported previously, given the limited reports on selective sweep analyses 
in the African breeds. 
4.5.3  Genomic regions controlling stature in European Bos taurus 
Based on strong recent selection for stature in European Bos taurus, our comparison of the 
LARGE with the SMALL cohort successfully localized height-related genes at all significant 
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regions (Region 1, 6, 10 and 11). Regions 1 and 11 can be considered novel and may contain 
functional variants contributing to the genetic control of bovine stature, as they harbor 
DUSP23 (BTA-3: 10.02-10.03 Mb) and POLR2A (BTA-19:27.78-27.80) as candidate genes, 
respectively (LANKTREE et al. 2011). 
This study confirmed the importance of two major candidate gene regions (Regions 6 and 10) 
linked to stature in European breeds of cattle. Region 6 (BTA-6) has frequently shown strong 
signatures of selection in multiple breeds of cattle (BARENDSE et al. 2009; FLORI et al. 2009; 
GIBBS et al. 2009; STELLA et al. 2010; DRUET et al. 2013; PINTUS et al. 2013; PORTO-NETO et 
al. 2013; ROTHAMMER et al. 2013; KEMPER et al. 2014; MANCINI et al. 2014; PEREZ OBRIEN et 
al. 2014; QANBARI et al. 2014). The NCAPG and LCORL genes located at this region are 
strong candidates for growth and height-related traits in multiple species of mammals including 
cattle (GUDBJARTSSON et al. 2008; WEEDON et al. 2008; SORANZO et al. 2009; SOVIO et al. 
2009; LANGO ALLEN et al. 2010; OKADA et al. 2010; PRYCE et al. 2011). Several polymorphic 
variants at this locus have been identified in GWAS and QTL studies for wither height in horse 
(SIGNER-HASLER et al. 2012; TETENS et al. 2013), and growth, skeletal, carcass and stature 
traits in cattle (LINDHOLM-PERRY et al. 2011; PRYCE et al. 2011; NISHIMURA et al. 2012; 
HOSHIBA et al. 2013; BOLORMAA et al. 2014).  
Region 10 (BTA-14) harbors nine candidate genes including PLAG1-CHCHD7 locus which 
has been associated with height in humans (GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
SORANZO et al. 2009; LANGO ALLEN et al. 2010; OKADA et al. 2010) and stature in cattle 
(KARIM et al. 2011; PRYCE et al. 2011; NISHIMURA et al. 2012; FORTES et al. 2013; 
BOLORMAA et al. 2014). This locus was also identified as a candidate region based on selective 
sweeps in several cattle breeds that have been under strong selection for body size (DRUET et 
al. 2013; RAMEY et al. 2013; KEMPER et al. 2014).  
There can be some advantages of limiting body size in smaller breeds, for instance in relation 
to ease of calving or resource-limited production systems. As noted above, early domestication 
favored selective breeding to reduce body size for ease of management (AJMONE-MARSAN et 
al. 2010; KARIM et al. 2011). With very few exceptions (e.g., Dexter), recent history of 
European Bos taurus breeds do not document selective breeding for smaller size. Interestingly, 
60% of all significant regions can be considered novel in the SMALL cohort and harbor 
stature-associated genes, namely PKN2 at Region 3 (LANKTREE et al. 2011), ATP5G2 and 
ATF7 at Region 5 (OKADA et al. 2010) and CAMLG, DDX46, TXNDC15, CATSPER3 and 
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PITX1 at Region 7 (GUDBJARTSSON et al. 2008). The functional role of these candidate genes 
in relation to stature is not well documented.  
4.5.4 Genomic regions controlling stature in African Bos taurus 
Five candidate regions (2, 4, 8, 9, 12) in the African cohorts harbor nine candidate genes 
associated with human height identified by GWAS (GUDBJARTSSON et al. 2008; WEEDON et al. 
2008; SORANZO et al. 2009; KIM et al. 2010; OKADA et al. 2010; LANKTREE et al. 2011). 
Previously, FBP2 and PTCH1 genes underlying Region 8 (BTA-8) have been associated with 
stature in European dairy and beef breeds, respectively (WEEDON et al. 2008; KIM et al. 2010; 
LANKTREE et al. 2011; PRYCE et al. 2011). In Region 12 (BTA-19), the growth hormone genes 
(GH1, GH2) are strong candidates for dairy production traits (HAYES et al. 2009; MULLEN et 
al. 2010; ROTHAMMER et al. 2013). Moreover, three genes (WDR68, MAP3K3 and LYK5) 
neighboring growth hormone genes have also been associated with human height in multiple 
GWAS reports (GUDBJARTSSON et al. 2008; SORANZO et al. 2009; LANKTREE et al. 2011). The 
remaining three candidate regions, i.e., Regions 2, 4 and 9, harbor the stature-associated 
SPAG17, SCMH1 and CYP19A1 genes, respectively (WEEDON et al. 2008; KIM et al. 2010; 
OKADA et al. 2010; LANKTREE et al. 2011).  
Overall, four of the five candidate regions identified in the African cohorts are novel for their 
association with bovine stature. This suggests that the strategy of combining CSS and multi-
breed panels showed utility in the African cohorts also, though the overall proportion of 
candidate gene regions detected was lower compared to European cohorts. High levels of Bos 
indicus admixture, smaller sample size and ascertainment bias of the Illumina BovineSNP50 
chip in the African Bos taurus breeds may have impacted the power to detect regions under 
selection (DECKER et al. 2009; GAUTIER et al. 2010; GAUTIER AND NAVES 2011; RANDHAWA 
et al. 2014).  
4.5.5 Comparison of significant CSS regions between European and African Bos taurus 
No candidate gene regions were found in common across the European and African cattle 
types. This may be due to the long-term differences in the natural and production-oriented 
selective pressures in these diverse genetic archetypes (GAUTIER et al. 2009; GIBBS et al. 2009; 
GAUTIER AND NAVES 2011; EDEA et al. 2014; RANDHAWA et al. 2014). Recent attempts to find 
the transferability of height-associated loci across human populations have shown comparable 
results (low consistency) for finding the same genetic variants when discoveries made in non-
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African ethnicities were compared in populations of African ancestry (SHRINER et al. 2009; 
KANG et al. 2010).  Our results indicate that there may be a persistent trend of dissimilarities 
for African genealogies across species and some environmental factors would have shaped a 
comparatively different genetic architecture. We suggest that investigation of several other 
African breeds with sufficient sample sizes can further elaborate the nature of different 
candidate gene regions.  
In comparison to previous findings in cattle, we note that some of the known genes and regions 
related to bovine stature were not detected here, mainly because they were identified in Bos 
indicus and composite breeds (PRYCE et al. 2011). Moreover, genetic architecture of stature is 
not considered to be fully analogous in cattle and human, our results suggest that many 
common genes might be participating in the physiological control of stature in the two species 
(PRYCE et al. 2011).  
Characterization of biological function of candidate genes could help our understanding of 
mechanisms underlying stature diversity. Future research should focus on regional genomic 
sequencing (involving multiple genes) rather than single gene-centric approaches. In addition, 
gene networks and functional pathway analyses on subsets of genes identified by genome-wide 
association or selection scans can help to uncover biological processes in complex traits. 
4.6 Conclusion 
This study demonstrates an approach to detect signatures of selection for complex traits. We 
successfully used composite selection signals (CSS) in the analysis of the genetic architecture 
of a complex polygenic trait using multi-breed panels. Our results demonstrated the 
localization of genomic regions harboring candidate genes of known effect related to body 
development, skeletal growth and stature in cattle. We identified 26 regions with strong 
signatures of selection for stature, of which 12 regions contained known genes linked to height 
or stature and nine could be considered novel in European and African Bos taurus. These 
results should be of interest for future investigations to characterize causal variants to explain 
their functional role in the diversity of bovine stature. Implementation of new tools, such as 
CSS, can resolve the selected genomic regions underlying the complex traits in livestock 
species. We suggest that the application of genome-wide selection scans and GWAS using 
larger resource populations with phenotypic information can further improve the fine-mapping 
of causal mutations controlling complex traits.  
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4.7 Appendix of Chapter 4 
(The following figures and tables are provided in appendix: pages 337 to 355) 
4.7.1 List of supplementary figures 
Figure S4.1: Schematic diagram to show the classification of the breeds into various cohorts. 
Boxplot represent, hypothetically, the overall distribution of the breed median data for 
European or African breeds. The stringent threshold was adopted to create a strong phenotypic 
contrast between the LARGE and SMALL cohorts. The breeds having their median wither 
heights (and lower quartiles) above the overall upper quartile (and overall median) were 
categorized into the LARGE cohort (red dots in Figure 4.1). The breeds having their median 
wither heights (and upper quartiles) below the overall lower quartile (and overall median) were 
categorized into the SMALL cohort (blue dots in Figure 4.1). The remaining breeds in the 
middle of each plot were declared as MEDIUM cohort (green dots in Figure 4.1); however, the 
MEDIUM cohorts were not analyzed. 
Figure S4.2: Distribution of significant SNPs per region and size of the significant genomic 
regions in the category-wise analyses for European and African cattle cohorts. In each plot, red 
(diamond) and blue (round) points represent top 1% and 0.1% of SNPs, respectively. The 
vertical dashed pink and green lines, respectively, represent overall and within categories 
median size of the significant regions. 
Figure S4.3: Distribution (N) of human orthologous genes mapped on UMD3.1 genome 
assembly on the bovine autosomes (BTA). Consecutive neighboring genes on a BTA, reported 
in single or multiple human stature-based GWA studies are representative of a common region 
(Table S4.4). In total, 268 orthologous genes were mapped on 29 BTAs and were located in 
134 genomic regions. The blue bars show BTA-wise distribution of 12 stature-associated 
regions identified by CSS in this study. We note that the average size of the 134 genomic loci 
containing 268 human orthologous genes is ~ 355 kb. Dividing the bovine genome into equal 
sized loci, after adding 1 Mb surrounding of each locus (i.e., 1.355 Mb, which is slightly larger 
than the average size of significant regions = 1.200 Mb), can provide approximately 1,878 loci. 
Finding a candidate gene carrying CSS region out of those 134 regions is equal to 7% (that is 
expected by chance). However, our results show a much higher percentage (African LARGE = 
22.2%, African SMALL = 37.5%, European SMALL = 60% and European LARGE = 100%) 
of analysis-wise significant regions that harbour stature-associated genes.  
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4.7.2 List of supplementary tables 
 
Table S4.1: Chromosome wise information regarding genotyping data of cattle breeds. 
 
Table S4.2: Information about European breeds. DNA samples and FAO data showing 
breed-wise wither height (Q1: first quartile, median, Q3: third quartile) in centimeters (cm) and 
multiple breed cohorts based on separation by overall Q1 and Q3. 
 
Table S4.3: Information about African breeds. DNA samples and FAO data showing breed-
wise wither height (Q1: first quartile, median, Q3: third quartile) in centimeters (cm) and 
multiple breed cohorts based on separation by overall Q1 and Q3. 
 
Table S4.4: List of genes associated with human height and their positions on UMD3.1 
bovine assembly. Overall, 268 orthologous genes for human height were located within 134 
autosomal regions. Some of the genes have alternative gene symbols in various databases. In 
addition, two genes (PTMA and DGKH) are paralogs, three genes (NAP1L3, ITM2A and 
NLGN3) mapped on the X chromosome and one gene (ZNF678) was not available on the 
bovine assembly. The genes highlighted in bold were identified in this study, harbouring (or 
neighboring) significant SNPs in the top 0.1% of genome-wide composite selection signals 
(CSS). 
 
Table S4.5: List of 9 genomic regions with significant signatures of selection in two cohorts of 
European Bos taurus 
 
Table S4.6: List of 17 genomic regions with significant signatures of selection in two cohorts 
of African Bos taurus 
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Chapter 5 
Signatures of Selection in Worldwide Cattle Breeds 
(This chapter is in preparation for publication in a peer-reviewed journal) 
 
Abstract 
Phenotypic variation is in part attributed to underlying genetic effects and variation in the 
genome. The process of adaptation, domestication or commercial utilization of Bovidae has 
resulted in strong selection for or against specific phenotypes (traits); therefore, a feature of 
such selection is manifested in the genome. The bovine genome sequence assembly and 
high-density genotype panels provide a resource to investigate the post-domestication and 
commercialization effects on the genomic patterns of genetic diversity. In this study, our 
recently developed composite selection signal (CSS) method was applied to detect breed-
specific signatures of selection in worldwide cattle breeds. In total, 2,333 animals of 78 
breeds were genotyped with BovineSNP50 BeadChip assays. After quality control, data for 
35,284 autosomal SNPs mapped to the UMD3.1 bovine assembly were retained. Genome-
wide signatures of selection were detected for 60 breeds, of which 32 breeds were not 
previously investigated. Overall, 177 genomic regions under selection are reported, of 
which 127 were unique to several individual breeds and 50 genomic regions were found to 
be shared in at least two cattle breeds. Strongest signatures of selection were found on 
chromosome 6 and 14 and the regions were found to be shared in 10 breeds. In line with the 
history of breed formation, the majority of genomic regions under selection harbour genes 
that control appearance traits, for example, polledness, double muscling, coat colours and 
body size. Future research that considers the use of high-density genotypic data, additional 
breed samples and subsequent functional and gene-network analyses will provide insights 
about the role of uncharacterized regions in each breed. 
 
Key words: Genetic diversity, Phenotypic selection, Selective sweep, Single nucleotide 
polymorphism, Worldwide cattle  
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5.1 Introduction 
 
Genetic polymorphism data have provided powerful tools to understand the ancestry of 
cattle and history of its domestication, origins and genetic relationship among the modern 
cattle breeds (Beja-Pereira et al. 2006; Zeder et al. 2006; Zeder 2008; Bouquet et al. 2009; 
Decker et al. 2009; Gautier et al. 2010). Several investigations report that the taurine 
(humpless) and indicine (humped) cattle have diverged long before domestication. 
Furthermore, an early separation in the ancestry of European and African cattle breeds is 
consistent with the existing geographical distributions of taurine breeds (Decker et al. 2009; 
Gibbs et al. 2009; Gautier et al. 2010; Bollongino et al. 2012). Today, there are three 
distinct domestic cattle type lineages, i.e., African Bos taurus, European Bos taurus and Bos 
indicus (Zebu). Moreover, recent genomic investigations indicate that both ancient and 
recent admixture between the African taurine and indicine cattle has occurred (Decker et al. 
2009; Gautier et al. 2010; Stock and Gifford-Gonzalez 2013; Porto-Neto et al. 2014). 
Overall, the domestication history along with molecular genetics suggests that the present 
lineages of cattle have had diverse courses of selective breeding. 
Investigating patterns of genetic diversity for breed-specific evolution is very challenging 
but with the advent of advances in DNA sequencing, SNP genotyping and biometrical tools, 
localization of the selection signatures can be achieved with high accuracy (Chapter 2). 
Multiple tests for selection signatures at individual loci could capture different systematic 
changes in the characteristics of genetic polymorphism caused by selection. High-resolution 
maps of breed-specific selection signatures can be constructed based on combining test 
statistics of different methods using SNP or haplotype data. The CSS test combines multiple 
pieces of evidence from the rank distribution of different selection tests in a weighted index 
of signatures of selection (Randhawa et al. 2014). In Chapter 3 and Chapter 4, the CSS test 
was developed and used to identify trait-specific genomic regions by comparing the 
genetically contrasting populations. Here the CSS method is used to identify breed-specific 
genomic regions under selection. 
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Application of the CSS method to detect breed-specific signatures of selection required to 
compare different approaches of across-breed comparisons (validation dataset 1) and the 
impact of variable sample sizes (validation dataset 2). After identification of the most 
efficient approach, signatures of selection were detected in 60 worldwide cattle breeds by 
analysing individual breeds within each of the three cattle-types, i.e., African, European and 
Zebu. Out of 60 breeds, signatures of selection for 32 breeds are investigated and reported 
for the first time in this study. For the remaining 28 breeds (28 out of 42 breeds previously 
investigated in 38 genome-wide selection scans compiled in Chapter 2), results of 
signatures of selection were compared with meta-selection-scores (MSS). Finally, we report 
unique and shared genomic regions under selection across the 60 breeds of cattle, and 
discussed several genomic regions considered as hotspots of selection in cattle. 
 
5.2 Materials and Methods 
5.2.1 Cattle breeds and animals 
Overall, the dataset for this study consisted of 78 breeds (2,333 animals) of cattle (Table 
5.1, Table S5.1). To maximize representation of worldwide cattle, genetic (DNA and 
genotypes) data available from various researchers were acquired. SNP genotypes on 
multiple breeds reported in published studies were obtained (Decker et al. 2009; Gautier et 
al. 2009; Gautier et al. 2010; McTavish and Hillis 2014). Additional animals (from common 
and new breeds), to increase the samples size, were included on 15 breeds, namely: Angus, 
Brahman, British White, Charolais, Cholistani, Devon, Dexter, Hereford, Jersey, Limousin, 
Poll Shorthorn, Red Sindhi, Sahiwal, Santa Gertrudis and Simmental. Genomic DNA was 
extracted from 192 samples (10 to 15 animals per breed) of either blood or semen from 
these 15 breeds. The blood and semen samples were obtained from previous projects; 
therefore, ethics approval was not required for this project. All DNA samples from this 
study were genotyped with the Illumina BovineSNP50 v2 chip assay. 
5.2.2 Genotypic data 
In total, 2,333 animals of 78 breeds were genotyped with two versions of Illumina (San 
Diego, CA) BovineSNP50 BeadChip assay (v1=54,001 and v2=54,609 SNP) (Matukumalli 
et al. 2009; Nicolazzi et al. 2014). SNP genotypes from previous studies and those 
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generated in this study were combined. After quality control, 35,284 autosomal SNPs 
mapped on UMD3.1 bovine assembly and with minor allele frequency (MAF) > 0.01 were 
retained (Table S2). Ancestral and derived allelic phases of these SNPs were determined 
based on information on several closely related out-group species (bison, buffalo, sheep, 
yak), available from Decker et al. (2009); Matukumalli et al. (2009); Rocha et al. (2014). 
Imputation of missing genotypes and haplotype phasing was performed with BEAGLE 3.3 
(Browning and Browning 2009). An identity-by-state (IBS) matrix was computed using 
PLINK (Purcell et al. 2007) to estimate the genetic relationship based on genome-wide 
SNPs and the duplicate samples across multiple datasets of cattle were identified and 
removed. Breed-wise analyses for European, African and Zebu breeds were performed 
using polymorphic and phased SNPs within each cattle type (Table 5.1). 
5.2.3 Composite selection signal (CSS) 
The detailed procedure for computing CSS statistics by comparing two populations (i.e. 
breeds i and j) has been described in Chapter 3 (Randhawa et al. 2014). Here, we briefly 
describe the CSS for single pairwise (breeds i and j) comparison. Further, we developed a 
simple summary statistics called CSSi to average the CSS computed for breed i in multiple 
pairwise comparisons.  
5.2.3.1 CSS for single comparison 
First, the constituent selection tests, FST (Weir and Cockerham 1984), XP-EHH (Sabeti et 
al. 2007) and ΔDAF (Grossman et al. 2010), were computed in each analysis by following 
their standard procedures. Briefly, the CSS statistics were computed at each locus by 
combining the results from three constituent selection tests as follows:  
For each constituent method implemented to compare breeds i and j, test statistics were 
ranked (1, ..., n) genome-wide on n SNPs. Ranks were converted to fractional ranks (r) 
(between 0 and 1) by 1/(n + 1) through n/(n + 1). Fractional ranks were converted to z-
values as z = Φ-1(r) where Φ-1(⋅) is the inverse normal cumulative distribution function 
(CDF). Mean z scores were calculated by averaging z-values across all constituent tests at 
each SNP x position. The pairwise CSS statistics were equal to –log10 of p-values of mean Z 
distribution directly obtained from the distribution of means from a normal distribution.  
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5.2.3.2 CSSi for multiple comparisons 
When breed i is compared against multiple (m – 1) breeds, j = 1, …, m, i ≠ j, (i.e., in 
pairwise comparisons with all other breeds), the breed-specific signatures of selection can 
be computed as a function of CSS similar to that outlined by Akey et al. (2010). If CSS௫௜௝ ൌ
	CSS between breed i and j at SNP x, then using mean൫CSS௫௜௝൯	and sd	൫CSS௫௜௝൯	, the mean 
and standard deviation of the CSS௫௜௝ across the n genome-wide SNPs for breed pair (i,j), the 
CSSi1 statistic for breed i is; 
CSS݅ ൌ ෍ CSS௫
௜௝ െ mean൫CSS௫௜௝൯
sd	൫CSS௫௜௝൯
௠
௝ୀଵ,௝ஷ௜
 
5.2.3.3 Smoothed CSS and CSSi 
To reduce spurious signals, the empirical CSS and CSSi scores were smoothed by averaging 
values within 0.5 Mb sliding windows on both sides at each SNP x. Sliding windows 
containing fewer than three SNPs were excluded as they may generate spurious signals after 
smoothing (Randhawa et al. 2014). 
5.2.4 Significant genomic regions under selection 
The top 0.1% of smoothed CSS and CSSi scores was used to declare a significant SNP 
relative to the rest of the genome. Significant genomic regions were defined as those that 
harbour at least one top 0.1% SNP flanked by multiple (n ≥ 3) adjoining top 1% SNPs. The 
genomic positions of the significant regions were defined by the first and last of the top 1% 
flanking SNPs. In addition, neighbouring clusters localized in close proximity (~1 Mb) were 
considered as a single significant genomic region.  
                                                            
1 We note that the breed-specific score from multi-breed pairwise comparisons can be calculated for each 
constituent test (such as FSTi, XP-EHHi, ΔDAFi) of CSS and then compute CSS. We found a high correlation 
(r ≥ 0.96) between computations of CSSi directly by the above formula and that based on averaged constituent 
tests by using a four-breed (Angus, Brown Swiss, Gir and Nellore) comparison (results not shown). This can 
allow for inclusion of within-breed selection tests such as iHS, Svd, ZHp, contiguous-low-MAF etc. We also 
note that for the mean and standard deviation in the above formula, CSS௡௜௝ can be equal to all the pairwise CSS 
between breed i and m breeds at all the n  m SNPs (combined). No significant difference (r ≥ 0.98) was 
observed for computation of CSSi by pairwise mean and standard deviation and a single value for all 
comparisons of four breeds (results not shown). 
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5.2.5 Genome-wide analyses for validation and discovery datasets 
Three datasets (two for validation and one for discovery) comprising of genome-wide SNPs 
of various cattle breeds were prepared and analyzed separately. The terms “validation” and 
“discovery” are used in a different context than their conventional use in the genome-wide 
association studies. Here validation datasets refer to small subsets of breeds for comparing 
computing strategies and samples size, whereas, discovery dataset refers to complete 
genotypic data of all breeds for the detection of genome-wide signatures of selection. 
5.2.5.1 Validation dataset 1 
Firstly, the utility and accuracy of the CSS method was evaluated for computational 
efficiency in two strategies using single-breed and multi-breed panel comparisons by using 
validation dataset 1. In Strategy I, CSS was computed in a breed-vs-breed plan i.e. 
comparing two breeds i and j at a time; this required multiple computations for each breed. 
Then all the CSS for breed i computed against other breeds were summed as CSSi 
(described above). Strategy II computes CSS in a breed-vs-multi-breed panel, comparing 
breed i against a multi-breed reference panel2, in a single pairwise analysis for each breed. 
The multi-breed panel was a single reference panel in which all breeds were represented. 
Validation dataset 1 consisted of 26 breeds (Angus, Baoule, Beef Master, Borgou, 
Brahman, Brown Swiss, Charolais, Gir, Hereford, Holstein, Jersey, Kuri, Lagune, 
Limousin, Montbeliarde, NDama, Nellore, Normande, Oulmes Zaer, Piedmontese, 
Romagnola, Salers, Santa Gertrudis, Somba, Zebu from Madagascar and Zebu Fulani), each 
ranging from 24 to 80 DNA samples (Table S5.1). The multi-breed reference panel for these 
breeds consisted of 92 samples by choosing randomly two samples per breed from a set of 
46 breeds (list not shown). 
5.2.5.2 Validation dataset 2 
Secondly, utility of CSS was tested by using fewer and larger numbers of DNA samples 
from independent resource populations assembled in validation dataset 2. Validation dataset 
2 consisted of six breeds (Angus, Brahman, Hereford, Holstein, Limousin and NDama) to 
                                                            
2 Utility of composition of reference population was evaluated in Chapter 6 by using ultra-high density SNP 
panel in Angus and Holstein breeds. Moreover, use of a reference population by including samples from all 
three cattle types have shown impact (demographic effects) on CSS results from African and Zebu breeds 
(results not shown).  
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test efficiency of the CSS method by using variable sample sizes. Samples of each breed 
were collected from three independent populations, which were further divided into five 
subsets (Table 5.2). DNA samples of six breeds were analysed such that Subset 1, Subset 2 
and Subset 3 comprised the total number of samples, 25 samples selected at random and 10 
samples selected at random, respectively, from a population previously used in a study. 
Subset 4 and Subset 5 comprised 25 and 10 samples selected from two independently 
studied populations in study 2 and 3, respectively. Study 3 samples were genotyped in this 
project. Overall, none of the DNA samples was common between the study 1, 2 and 3. 
5.2.5.3 Discovery dataset 
Finally, 8, 42 and 10 breeds of African, European and Zebu type respectively, were 
analysed as the discovery data set for breed specific selection signatures (Table 5.1). 
Genome-wide smoothed CSS results were compared for unique and shared signatures of 
selection, and significant regions containing known genes are described.  
 
Table 5.1: Summary of datasets for African, European and Zebu breeds 
Cattle 
Type Breeds Animals 
Discovery 
breeds 
Reference 
samples 
Polymorphic 
SNPs 
 (N)* (N) (N) (N)** (N)*** 
African 10 335 8 50 32,958 
European 57 1,630 42 165 35,284 
Zebu 11 368 10 90 33,897 
Overall 78 2,333 60 - - 
 
* Complete list of breeds is given in Table S5.1. The DNA samples from NDama-Boran 
cross and breeds with smaller sample size (N < 7), listed in Table S5.1, were only used in 
the Reference samples.  
** Reference samples include a subset of equal number of random samples from each breed 
(but excludes the samples from candidate breed) within each cattle-type. 
 *** Information on autosomal SNPs is given in Table S5.2. Out of the total number of 
SNPs on each autosome, only the polymorphic SNPs were used for the breed analysed 
within each cattle-type. 
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Table 5.2: Subset of six breeds (validation dataset 2) analysed for various sample sizes 
Breeds Study 1 Study 2 Study 3 Reference samples* Subset 1 Subset 2 Subset 3 Subset 4 Subset 5 
Angus 70 25 10 25 10 165 
Brahman 73 25 10 25 10 90 
Hereford 74 25 10 25 10 165 
Holstein 80 25 10 25 10 165 
Limousin 90 25 10 25 10 165 
NDama 61 25 10 25 10 50 
 
* Analyses of the data subsets 1 to 5 were performed using SNPs and reference samples 
reported in Table 5.1 for the African (NDama), European (Angus, Hereford, Holstein and 
Limousin) and Zebu (Brahman) breeds. 
 
Study 1 consists of three subsets (Subset 1, 2 and 3) from a population, as follows: 
Subset 1: comprised of the total number of DNA samples per breed 
Subset 2: comprised of 25 randomly selected DNA samples per breed 
Subset 3: comprised of 10 randomly selected DNA samples per breed 
Study 2 consists of one subset (Subset 4) from another population, as follows: 
Subset 4: comprised of 25 randomly selected DNA samples per breed 
Study 3 consists of one subset (Subset 5) of samples genotyped in this project, as follows: 
Subset 5: comprised of 10 randomly selected DNA samples per breed 
Note: All DNA samples were independent between the study 1, 2 and 3. 
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5.3 Results 
5.3.1 Analyses of validation datasets 
Overall, results of the validation dataset 1 show a very high correlation between the breed-
specific CSSi (computed by multiple pairwise analyses in strategy I) and CSS (computed by 
single pairwise analysis in strategy II, by grouping equal number of samples from all 
reference breeds) (Figure 5.1). Furthermore, genome-wide smoothed CSSi and CSS plots 
show that the prominent regions under selection identified by both strategies were same, 
with negligible difference of magnitude seen at a few genomic regions (Figure S5.1). Note 
that CSSi for m breeds is computed in m2–m pairwise analyses, i.e., 650 pairwise CSS 
analyses for 26 breeds. Given a single CSS analysis takes an hour (using single core), 
computation of CSSi can take a month for 26 breeds, as well requirements for high amount 
of data storage and handling. In comparison, strategy II only involves m pairwise analyses, 
so would involve m2–2m fewer pairwise analyses, and would be expected to be (m2–m)/m = 
m–1 times computationally faster than strategy I. Therefore, strategy II was implemented in 
the remaining analyses to detect breed-specific signatures of selection across the 60 breeds. 
Results of validation dataset 2 show that the CSS method has the power to replicate 
signatures of selection in variable sample sizes from independent populations (Figure S5.2). 
Genome-wide smoothed CSS shows that the breed-specific peaks of smoothed CSS 
detected in higher samples sizes (Subset 1, n ≥ 61) were successfully identified (within the 
top 1%) in smaller samples sizes (n = 25 and n = 10) from within (Subset 2 and Subset 3) 
and independent populations (Subset 4 and Subset 5). This allowed us to compute CSS for 
the total discovery dataset of 60 worldwide breeds of cattle, which included a few having a 
sample size of less than 10 (≥ 7) 3. 
5.3.2 Detection of CSS regions in worldwide breeds 
Genome-wide CSS scores were smoothed in 1 Mb sliding windows, with a median of 16, 
15 and 15 SNPs per window in European, African and Zebu breeds, respectively (Figure 
S5.3). Genome-wide maps of smoothed CSS for the 60 worldwide breeds of cattle are 
shown in Figure S5.4. The top 0.1% SNPs of smoothed CSS scores was used to choose 
significant regions under selection and the region boundaries were defined by the 
                                                            
3 In the preparation of the manuscript from this chapter, additional animals were genotyped to increase sample 
sizes ≥ 20 for several breed. 
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consecutive neighbouring SNPs within the top 1%. The median (range) size of the 
significant regions within the European, African and Zebu breeds was 1.07 (0.14–5.88), 
0.90 (0.07–3.43) and 0.85 (0.09–2.80) Mb, respectively (Figure S5.5). It also shows that 
total number of top 0.1 and 1% SNPs was significantly higher in European breeds as 
compared to African and Zebu breeds. Overall, the magnitude of CSS scores indicated that 
evidence for breed-specific selection was more pronounced in the European breeds as 
compared to African and Zebu breeds.  
5.3.3 Breed-specific signatures of selection 
Figure 5.2 shows the breed-specific genomic regions containing the top 0.1% and 1% CSS 
score in 9 European breeds, in which previously at least four genome-wide selection scans 
have been published by using top 0.1% to 5% of multiple test statistics. Comparison of 
meta-selection-scores (MSS) computed from published signatures of selection (Chapter 2) 
shows that significant CSS regions were co-localized with most of the previously detected 
signatures of selection (Figure 5.2). Similarly, Figure 5.3 shows the breed-specific genomic 
regions containing the top 0.1% and 1% CSS score in 14 European breeds and compares 
with the MSS computed from one to three previous genome-wide selection scans. In most 
cases, the top 0.1% CSS regions co-located with the top MSS (Figure 5.2, Figure 5.3). The 
distribution of MSS also shows that consensus of signatures of selection across multiple 
(published) studies was limited. Therefore, it was not expected to find all of the top 0.1% 
CSS regions coincided with the top MSS. Figure 5.4 shows the top 0.1% and 1% CSS 
scores in 19 European breeds that have not been investigated previously. In addition, breed-
specific signatures of selection are presented for eight African breeds, of which six have 
been investigated for the first time in this study (Figure 5.5). Similarly, seven out of the ten 
Zebu breeds are being presented for first time and MSS for three Zebu breeds investigated 
previously are compared in Figure 5.6. 
Table S5.3 presents the list of 291 signatures of selection in 60 worldwide breeds of cattle, 
most (n > 30) of which were located on chromosome 5 and 6 (Figure 5.7A). Overall, 127 
selection regions were unique to individual breeds, whereas, 164 were found across multiple 
(2 to 10) breeds at 50 genomic regions, the highest on chromosome 6 and 14 (Figure 5.7B). 
Table 5.3 presents the list of 50 significant signatures of selection shared across at least two 
breeds. The important genes underlying several traits under selection in various cattle 
breeds are discussed.  
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Figure 5.1: Genome-wide scatter plots showing correlation between CSS (y-axis) and CSSi 
(x-axis) raw scores in 26 breeds of validation dataset 1. Manhattan plots of smoothed CSS 
and CSSi of these 26 breeds are shown in Figure S5.1. 
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Figure 5.2: Genome-wide location of top 1% (│black bars) and 0.1% (● red points) in nine breeds of European cattle. Genome-wide complete 
plots of smoothed CSS results are shown in Figure S5.4 and significant genomic regions are listed in Table S5.3. Previously, each of these nine 
breeds has been investigated in at least four studies and meta-selection-scores (MSS) have been computed in Chapter 2. The light blue│ and 
red│ bars at the lower half in the panel of each breed represent location of previously published signatures of selection in single (MSS ≤ 3) and 
multiple (MSS > 3) studies, respectively. 
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Figure 5.3: Genome-wide location of top 1% (│black bars) and 0.1% ( red points) in 14 breeds of European cattle. Genome-wide complete 
plots of smoothed CSS results are shown in Figure S5.4 and significant genomic regions are listed in Table S5.3. Previously, each of these 14 
breeds has been investigated in one to three studies and meta-selection-scores (MSS) have been computed in Chapter 2. The light blue│ and 
red│ bars at the lower half in the panel of each breed represent location of previously published signatures of selection in single (MSS ≤ 3) and 
multiple (MSS > 3) studies, respectively. 
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Figure 5.4: Genome-wide location of top 1% (│black bars) and 0.1% ( red points) in 19 breeds of European cattle. Genome-wide complete 
plots of smoothed CSS results are shown in Figure S5.4 and significant genomic regions are listed in Table S5.3. Signatures of selection in these 
19 European breeds are reported for the first time in this study. 
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Figure 5.5: Genome-wide location of top 1% (│black bars) and 0.1% ( red points) in eight breeds of African cattle. Genome-wide complete 
plots of smoothed CSS results are shown in Figure S5.4 and significant genomic regions are listed in Table S5.3. Previously, NDama and Sheko 
breeds have been investigated in multiple studies and meta-selection-scores (MSS) have been computed in Chapter 2. The light blue│ bars at 
the lower half in the panel of NDama and Sheko represent location of previously published signatures of selection in single (MSS ≤ 3) studies. 
Signatures of selection in these six African breeds are reported for the first time in this study.  
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Figure 5.6: Genome-wide location of top 1% (│black bars) and 0.1% ( red points) in 10 breeds of Zebu cattle. Genome-wide complete plots of 
smoothed CSS results are shown in Figure S5.4 and significant genomic regions are listed in Table S5.3. Previously, Brahman, Gir and Nellore 
breeds have been investigated in multiple studies and meta-selection-scores (MSS) have been computed in Chapter 2. The light blue│ and red│ 
bars at the lower half in the panel of Brahman, Gir and Nellore represent location of previously published signatures of selection in single (MSS 
≤ 3) and multiple (MSS > 3) studies, respectively. Signatures of selection in these seven Zebu breeds are reported for the first time in this study. 
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Figure 5.7: Genome-wide distribution of (A) number of selection regions on each chromosome across the 60 worldwide breeds and (B) number 
of breeds with shared signatures of selection at various genomic regions. 
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Table 5.3: List of 50 genomic regions under selection shared across at least two breeds 
Region BTA* Region span (Mb) Genes Traits Breeds 
1 1 1.44 – 4.78 POLL locus Polledness Boran, Nellore, Senepol 
2 1 14.10 – 16.92   Poll Shorthorn, Sahiwal 
3 1 31.55 – 32.91   Tarine, Scottish Highland 
4 2 4.34 – 9.81 MSTN Double muscling Limousin, Aubrac, Piedmontese 
5 2 44.95 – 47.87   Nellore, Red Sindhi 
6 3 70.75 – 72.00   Shorthorn, Poll Shorthorn, Maine Anjou 
7 4 55.31 – 56.88   Chianina, British White 
8 5 16.02 – 19.93 KITLG Coat colours Zebu Bororo, Zebu Fulani, Chianina, Red Sindhi, Santa Gertrudis, Sahiwal, Brown Swiss 
9 5 23.86 – 27.29 PDE1B  Borgou, Norwegian Red, Santa Gertrudis 
10 5 32.10 – 32.98   Oulmes Zaer, Wagyu 
11 5 43.57 – 47.54 HMGAZ-MSRB3 Ear size Abondance, Santa Gertrudis, Red Sindhi, Gir,  
12 5 53.58 – 54.75   Charolais, Texas Longhorn 
13 5 69.72 – 70.47 POLR3B  Gir, Santa Gertrudis, Kuri 
14 5 112.95 – 114.82   Normande, Scottish Highland 
15 6 2.99 – 5.21 CCNA2, ANXA5  NDama, Bretonne Black Pied, Red Angus, Zebu Fulani, Zebu Bororo 
16 6 9.71 – 12.00   Zebu From Madagascar, British White 
17 6 37.40 – 41.42 
ABCG2, 
NCAPG, 
LCORL 
Dairy 
production , 
Stature 
Montbeliarde, Gelbvieh, Romagnola, Brown Swiss, Charolais, 
Simmental, Guernsey, Chianina, Gelbvieh 
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Region BTA* Region span (Mb) Genes Traits Breeds 
18 6 65.83 – 66.75   Vosgienne Vosges, Maine Anjou 
19 6 68.50 – 76.00 KIT Coat colours Hereford, Brown Swiss, Kuri, Sahiwal, Abondance, Montbeliarde, Normande, Bretonne Black Pied, Vosges, Nellore  
20 6 80.64 – 82.97 TECRL   Wagyu, Red Angus, Baoule 
21 7 40.55 – 48.44   Jersey, Oulmes Zaer 
22 7 50.83 – 53.93  SPOCK1 Reproduction Baoule, Somba, Aubrac, Gascon 
23 7 96.05 – 97.07   Zebu Bororo, Zebu Fulani 
24 8 11.21 – 13.14 CLU  NDama, Baoule, Zebu Fulani 
25 8 100.63 – 102.15 MUSK Metabolism Chianina, NDama, Red Sindhi 
26 8 107.59 – 109.47   Abondance, Chianina 
27 9 6.82 – 7.24   Oulmes Zaer, Tarine 
28 11 68.25 – 69.24   Red Angus, Simmental 
29 11 73.75 – 74.65 CIB4  NDama, Baoule, Somba 
30 12 36.25 – 42.61   Aubrac, Hanwoo, Poll Shorthorn, Bretonne Black Pied, Chianina,  French Red Pied Lowland, Kuri 
31 13 40.00 – 43.52   Sheko, Romosinuano, Texas Longhorn, Norwegian Red,  Maine Anjou 
32 13 46.39 – 48.74   Holstein, Guernsey 
33 13 57.05 – 59.02 PMEPA1 Reproduction Salers, Scottish Highland, Tarine 
34 13 61.67 – 62.59   Chianina, Guernsey 
35 13 62.53 – 66.12 ASIP, UQCC, GDF5 
Coat colours, 
Stature Shorthorn, Lincoln Red, Angus, Santa Gertrudis, Chianina 
36 14 19.13 – 20.61   Brahman, Norwegian Red 
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Region BTA* Region span (Mb) Genes Traits Breeds 
37 14 22.64 – 28.05 PLAG1, CHCHD7 Stature 
Brahman, Devon, Charolais, Limousin, Gascon, Normande, French Red 
Pied Lowland, Salers, Poll Shorthorn, Maraichine 
38 14 31.59 – 34.54   Norwegian Red, Bretonne Black Pied 
39 18 12.99 – 15.88 MC1R Coat colours Aubrac, Maraichine, Tarine, Nellore, Borgou 
40 18 51.62 – 53.33   Sheko, Kuri 
41 19 2.19 – 3.82   Norwegian Red, Boran 
42 20 22.54 – 25.19   Senepol, Lagune 
43 20 35.64 – 37.50   Romosinuano, Hanwoo 
44 20 49.78 – 51.21   Wagyu, Romosinuano 
45 21 2.33 – 3.35 UBE3A  Abondance, Dexter, Limousin 
46 21 55.83 – 57.16   Lagune, Cholistani 
47 22 33.98 – 35.35   Guernsey, Simmental, Cholistani, Red Sindhi 
48 24 40.98 – 44.08 GNAL  Lincoln Red, Simmental, Maine Anjou 
49 26 18.88 – 24.60 SCD1, KCNIP2 Metabolism Dexter, Holstein, French Red Pied Lowland 
50 29 16.29 – 20.31   British White, Kuri 
 
*  BTA: Bos taurus autosome
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5.4 Discussion 
Breed-specific scans of selection have been investigated using CSS which combined across-
population tests, such as FST, ΔDAF and XP-EHH. Pairwise comparisons are 
computationally expensive to perform for large numbers of breeds. This study has evaluated 
several approaches to detect breed-specific signatures of selection in cattle in ways that are 
more efficient. Implementation of the CSS method in a pairwise analysis between a 
candidate breed and a reference multi-breed population (including equal number of samples 
from all reference breeds) has shown equivalent efficiency to detect breed-specific 
signatures of selection as compared to pair-wise testing approaches with multi-breed 
reference panel. Moreover, the CSS method is also powerful to detect genomic regions 
under selection in breeds with smaller sample sizes. Here we present the unique and shared 
signatures of selection across 60 worldwide breeds of cattle indicating the effects of 
historical selective pressures. 
The complex breeding practices that have been undertaken over many centuries have 
produced stable cattle breeds. Now, these breeds are established in many countries of the 
world, of varying ecology, climate, topography, socio-economic and production conditions. 
These animals are an important asset for the adaptive traits they have developed over time, 
such as; tolerance to large fluctuations in availability of fodders, quality of feed resources 
and adaptation to diseases (immune response), and extensive management conditions. 
Selective breeding for adaptation, appearance and production continued during and after 
breed formation, and is captured in patterns of genetic polymorphism across genomic 
regions as historical events of selection. 
Linking the signatures of selection to specific traits is challenging. The bovine genome has 
been extensively investigated to understand past episodes of selective pressure, however, 
very few genomic regions have been specifically linked to candidate genes and traits 
(Chapter 2). Several regions under selection that are shared across multiple breeds detected 
in this study have also been previously reported in multiple breeds without any evidence of 
specific causative traits driving the selection. For instance, the Region 7 (Druet et al. 2013; 
Lee et al. 2013; Pan et al. 2013; Porto-Neto et al. 2013; Rothammer et al. 2013; Edea et al. 
2014), Region 17 (Qanbari et al. 2011; Druet et al. 2013; Porto-Neto et al. 2013; 
Rothammer et al. 2013; Edea et al. 2014; Perez OBrien et al. 2014) and Region 18 (Gibbs et 
al. 2009; Kim et al. 2013; Porto-Neto et al. 2013; Rothammer et al. 2013; Perez OBrien et 
Chapter 5 
 
113 
 
al. 2014) (Table 5.3). On the other hand, because breed formation started with establishing 
populations with strong phenotypic differences in appearance, the selective sweeps have 
been associated with several traits of major impact. For example, the breed formation has 
involved the selective breeding for polledness (Region 1), double muscling (Region 2) and 
coat colours (Region 5, 11, 20, 21). The prominent genes listed in Table 5.3, which mostly 
cause strong phenotypic variation in appearance in cattle and their signatures of selection, 
are discussed below.  
5.4.1 Signatures of selection for traits of major impact 
Signatures of selection that underlie mutations of large effect (either for monogenic or 
polygenic complex traits) have been linked consistently to novel selective sweeps 
encountered in multiple cattle breeds. Often, those genomic regions are used as a proof of 
accomplishment of newly developed selection tests and strategies; in a similar way as the 
human LCT (lactose tolerance) region has been found to be commonly selected in European 
human lineage (Johansson and Gyllensten 2008; Kelley and Swanson 2008; Grossman et al. 
2010; Gallego Romero et al. 2012).  
5.4.1.1 Selection for polledness at Region 1 
The wild ancestors (aurochs) of domestic cattle used to have large horns for self-defence 
and survival. During the post-domestication era, presence, shape and size of horns have 
been selected to meet the changing requirements for the animals and their keepers (Zeder 
2008; Ajmone-Marsan et al. 2010). Horns are now considered as undesirable phenotype 
related to farm management problems, i.e. injury risks to animals and handlers as well as 
damage to the buildings and equipment. With the advent of commercial farming of large 
herds, the standard practice of dehorning young calves has been widely adopted. However, 
natural absence of horns (i.e., polledness) has been depicted in several records of fossil 
evidence that prompted characterization of physiological and genetic control of horns (Dove 
1935; Georges et al. 1993; Brenneman et al. 1996).  
The horn morphology classifies cattle into three phenotypes, i.e., 1) horned: animals with a 
fully grown horns, attached to the skull bones, 2) scurred: animals with incompletely 
developed horns, detached from the skull bones and 3) polled: hornless animals, complete 
absence of horns (Dove 1935). Further, exhaustive genetic investigations showed an 
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incomplete-dominance autosomal inheritance pattern such that the horn, scur and poll 
phenotypes were controlled by recessive (pp), heterozygote (Pp) and dominant (PP) 
genotypes, respectively. The underlying genomic region (called the POLL locus) is mapped 
at the proximal end of bovine chromosome 1 (AC_000158.1) where the dominant alleles of 
causal mutations (not known yet) cause the polledness in cattle (Georges et al. 1993; 
Brenneman et al. 1996; Harlizius et al. 1997; Mariasegaram et al. 2012; Medugorac et al. 
2012; Seichter et al. 2012; Allais-Bonnet et al. 2013). It is noteworthy to point out that the 
inheritance patterns in Zebu lineage is relatively complex suggesting there are additional 
loci involved in horn development, however, a diagnostic marker at the POLL locus shows 
its dominance impact for polledness (Brenneman et al. 1996; Mariasegaram et al. 2012). 
Breeding programs were started to genetically (permanently) remove horns from several 
European breeds and to further reduce cost and animal welfare aspects related to dehorning. 
Strong historical selection in multiple cattle breeds, which have become naturally polled, 
shows that mutations at the POLL locus have been driven to fixation. The signature of 
positive selection for polledness is so strong that it is one of the most replicated signatures 
of selection in cattle (Matukumalli et al. 2009; Li et al. 2010; Stella et al. 2010; Flori et al. 
2012; Seichter et al. 2012; Druet et al. 2013; Ramey et al. 2013; Rothammer et al. 2013; 
Randhawa et al. 2014), and is seen in the analyses conducted here.  
5.4.1.2 Selection for double muscling at Region 2 
The conformation of skeletal muscles in multiple mammal species is negatively regulated 
by the growth and differentiation factor 8 (GDF8) also known as myostatin (MSTN) gene 
(Stinckens et al. 2011; Petersen et al. 2013). Loss-of-function mutations in MSTN cause 
muscular hypertrophy or excessive muscle mass in several domestic species (Georges 2010; 
Wiener and Wilkinson 2011). In cattle, muscular hypertrophy is a partially recessive trait 
and generally referred to as double muscling and appears at varying degrees in several 
breeds, including Asturiana de los Valles, Belgian Blue, Blond d′Aquitaine, Charolais, 
Gasconne, Limousin, Maine-Anjou, Marchigiana, Parthenaise, Piedmontese, Rubia Gallega 
and South Devon (Grobet et al. 1997; Grobet et al. 1998; Smith et al. 2000; Marchitelli et 
al. 2003). 
Bovine MSTN locus is mapped to a ~6.21 Mb position of BTA-2 and harbours various 
mutations in its third exon that produce double muscle phenotype in some beef cattle 
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breeds. For instance, a loss-of-function substitution in third exon of MSTN – nucleotide 
change of guanine to adenine causes amino acid change from cysteine to tyrosine – causing 
double muscle phenotype in Piedmontese and rarely in other beef breeds. In contrast, a 
frame-shifting deletion of 11 nucleotides in the third exon of Asturiana de los Valles, 
Belgian Blue, Maine-Anjou and South Devon results in the double muscle phenotype 
(Marchitelli et al. 2003; Georges 2010; Stinckens et al. 2011). In other breeds that seldom 
exhibit double muscling, genetic polymorphsims at their MSTN loci have often been found 
to be associated with several traits related to carcass yield and quality (Stinckens et al. 
2011). Latest results suggest a very recent origin (< 400 years) of those multiple mutations 
in the MSTN from a common ancestor (O'Rourke et al. 2013). The economic value of MSTN 
variants in beef breeds have favoured the functional mutation under strong selective 
pressure, increasing their allele frequencies to medium to high within a short period (Wiener 
and Gutierrez-Gil 2009; Wiener and Wilkinson 2011). Hence, classical signatures of 
selection are extensviely found harbouring the MSTN gene in several genome-wide scans in 
beef cattle (Gibbs et al. 2009; Wiener and Gutierrez-Gil 2009; Boitard and Rocha 2013; 
Druet et al. 2013; Pintus et al. 2013; Ramey et al. 2013; Randhawa et al. 2014), with an 
exception for Belgian Blue (Rothammer et al. 2013). 
5.4.1.3 Selection for coat colours at Region 5, 11, 20 and 21  
Domestication genetically altered a variety of phenotypic characteristics that distinguish the 
domestic animals from their wild ancestors. For example, the phenomenal diversity in coat 
colour of domestic mammals is a consequence of preferential breeding to produce various 
pigmentation patterns (Cieslak et al. 2011). The uniform colour patterns of wild progenitors 
helped them camouflage from predators and climatic hazards (e.g., sunlight). The visible 
diversity, across various species, has long fascinated researchers to unveil the human role 
driving the origin and spread of novel coat colours and the underlying aspects of genetic 
control (Cieslak et al. 2011; Hofreiter 2013; Linderholm and Larson 2013). Rare genetic 
mutations were intensively selected by ancient breeders over many generations for 
particular appearance of coat colours, bands, stripes and spots (Fang et al. 2009; Trut et al. 
2009). As a result of long term selection, many breeds have been developed for a uniform 
colour pattern, especially in modern breeds which have fixed their recessive coat colour 
genes.  
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Coat colour is thus another classical trait under the polygenic inheritance, with high 
variability and heritability (Groeneveld et al. 2010). Multiple alleles of more than 150 genes 
interact in pathways to produce melanin types – eumelanin and pheomelanin – that give 
specific colour to skin and hair depending on the genetic variants in coding and regulatory 
sequences (Cieslak et al. 2011).  
 At present, a wide variety of coat colours exist in cattle which are quite unique in 
appearance and their underlying genetic control (Dreger and Schmutz 2009; Guastella et al. 
2011; Brenig et al. 2013; Schmutz and Dreger 2013; Hulsman Hanna et al. 2014). Among 
the list of candidate genes, KITLG (Region 5), KIT (Region 11), ASIP (Region 20) and 
MC1R (Region 21) have been consistently associated with different colour patterns in 
several cattle breeds (Guastella et al. 2011; Schmutz and Dreger 2013; Hulsman Hanna et 
al. 2014) and other species (Andersson and Georges 2004; Fang et al. 2009; Wong et al. 
2012; Haase et al. 2013; Hauswirth et al. 2013). Genetic variation in the KITLG gene has 
been identified that controls roan colour (Seitz et al. 1999) and pigmentation around the 
eyes (Pausch et al. 2012) in cattle (Kemper et al. 2014). The ASIP gene has been shown to 
regulate pigmentation in mice and sheep (Norris and Whan 2008). Given that the MCIR is a 
key gene to control the ratio of melanin types being produced, the interactions of KITLG, 
KIT, ASIP and MC1R genes have major impact on various pigmentation patterns. Hence, 
the changes in the polymorphism patterns at these loci made by selective breeding would be 
quite evident as is the case with other candidate genes of highly heritable traits.  
The footprints of selection for breed-specific colours, have also been consistently localized 
harbouring the KITLG, KIT, ASIP and MC1R genes on chromosome 5, 6, 13 and 18, 
respectively. We note that several studies capture the KIT region on chromosome 6 and 
have considered PDGFRA and KDR genes to be candidates for reproduction (Flori et al. 
2009; Gautier and Naves 2011; Pintus et al. 2013; Randhawa et al. 2014). Nevertheless, the 
KIT locus has been predominantly implicated with colour for white-spotting in multiple 
cattle breeds (Stella et al. 2010; Druet et al. 2013; Porto-Neto et al. 2013; Ramey et al. 
2013; Rothammer et al. 2013; Mancini et al. 2014; Qanbari et al. 2014). Similarly, ASIP is 
also co-located with a stature-associated locus containing UQCC and GDF5. On the other 
hand, the MC1R locus is a consensus candidate of strong selection for coat-colour patterns 
that mediates the dark (black or brown) and light (yellow or red) shades via melanogenesis 
in cattle (Flori et al. 2009; Liu et al. 2009; Stella et al. 2010; Druet et al. 2013; Pintus et al. 
2013; Porto-Neto et al. 2013; Ramey et al. 2013; Rothammer et al. 2013). 
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5.4.2 Other traits under selection across worldwide cattle 
The domestic cattle have occupied an important place in the survival and economy of 
different civilizations by contributing in various ways. It provides 1) food in the form of 
milk, milk products and meat; 2) energy in the form of draft and traction power for various 
activities and fuel for cooking and other heating purposes; 3) raw materials in the form of 
skins, hides, bones, hoof and horns and a number of other products of pharmaceutical and 
industrial use; and 4) farm yard manure for crops (MacHugh et al. 1997; Bruford et al. 
2003; Gotherstrom et al. 2005; Zeder et al. 2006; Gibbs et al. 2009; Ajmone-Marsan et al. 
2010). Commercialization of cattle farming in the recent past has been a great success in the 
genetic improvement programs for the core production traits to achieve maximum 
performance and to minimize the non-productive life spans. Altogether, the bovine genome 
has experienced a range of selective pressures and the existence of multiple signatures of 
selection has conform several pieces of evidence in European (Bos taurus), African (Bos 
taurus) and Zebu (Bos indicus) breeds. Overall, the identified signatures of selection show 
that selective forces operated on genetic architecture controlling the anatomical and 
physiological structure of different cattle types. For example, signatures of selection at the 
Regions 10 and 22 are linked to bovine stature (Chapter 4). The candidate genes at Region 
10 (NCAPG-LOCRL) and Region 22 (PLAG1-CHCHD7) have corresponding associations 
for height in studies across numerous mammal species (Lango Allen et al. 2010; Rubin et 
al. 2012; Signer-Hasler et al. 2012; Hoshiba et al. 2013; Tetens et al. 2013). Several 
polymorphic variants at these loci have been suggested as candidates for skeletal, carcase, 
growth and height (bovine stature) related traits (Karim et al. 2011; Lindholm-Perry et al. 
2011; Pryce et al. 2011; Littlejohn et al. 2012; Nishimura et al. 2012; Fortes et al. 2013; 
Hoshiba et al. 2013).  
Nevertheless, the question about the functional mutations being selected for many traits 
remains unanswered, except several broad inferences have been previously made to link the 
regions on several chromosomes for adaptation, immunity, reproduction and beef and dairy 
production (Chapter 2). Inferring biological functions of genes in the putative regions under 
selection could help the research community to understand genetic mechanisms; however, 
linking genotypes to phenotypes of complex traits is not straightforward. Future research to 
perform gene networks and functional pathways analyses on subsets of genes identified by 
genome-wide selection scans can uncover the casual mutations and candidate genes 
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underlying biological processes that shaped the patterns of genotypic and phenotypic 
diversity in worldwide cattle. 
5.4.3 Factors affecting genome-wide selection scan using 50K genotypic datasets  
Besides providing empirical evidence about the utility of CSS by creating a neutral 
reference population and low samples size, additional factors about the genotypic quality 
(such as ascertainment bias and SNP density) can have confounding effects in the detection 
of selective sweeps. The methodological error introduced during sampling of genotypic data 
is called “ascertainment bias” (Nielsen 2004). Almost all ascertainment schemes initially 
use small number of samples (ascertainment sample) to discover the new SNPs from the 
alignment of few DNA sequences (by scanning databases of genomic fragments, by shotgun 
genomic sequencing or by direct sequencing). Large samples (typed samples) to genotype 
SNPs are further used for population genetic tests and inferences (Nielsen and Signorovitch 
2003). The probability of containing all alleles especially the rare alleles in the 
ascertainment samples is relatively small and consequently the typed samples will show 
incomplete polymorphism by representing an excess of common SNPs loci and lack of loci 
with rare SNPs (Nielsen 2004). In other words, rare alleles could be present in larger 
samples which may not be observed in the ascertainment samples (Nielsen and Signorovitch 
2003). The genetic polymorphism data quality has manifested a clear effect on across-
population genetic inferences (Nielsen and Signorovitch 2003; Nielsen 2004; Nicholas 
2006; Ayers et al. 2007; Achaz 2008; Boitard et al. 2009). The Illumina SNP50 BeadChip 
genotyping assays were developed using several European breeds (Matukumalli et al. 
2009). Consequently, genotypic data of African and Zebu cattle is affected by ascertainment 
bias and limited SNP polymorphism has been observed (Decker et al. 2009; Gautier et al. 
2009; MacEachern et al. 2009; Chan et al. 2010; Gautier et al. 2010; Gautier and Naves 
2011; Ramey et al. 2013; Randhawa et al. 2014). Genome-wide low SNP density and 
inconsistent distribution of SNPs in genotypic panels can have strong effects on the 
estimates of genetic diversity and signatures of selection. Hence, future work by using high 
SNP density genotypic data can reduce the effects of ascertainment bias (Heslot et al. 2013).  
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5.5 Conclusion 
In this study, multiple analyses of genome-wide selection scans have effectively shown 
utility of the CSS method. Using a combination of efficient approaches and test statistics, 
the CSS method successfully detected most of the previously reported genomic regions in 
28 cattle breeds along with reporting several new candidate regions under selection. In 
addition, this study also presents the signatures of selection in 32 cattle breeds, which were 
not previously investigated. Overall, 50 genomic regions were found to be shared in at least 
two cattle breeds and 127 were unique to several individual breeds. Chromosome 6 
(ABCG2, NCAPG, LCORL locus and KIT locus) and 14 (PLAG1 locus) were found to be 
shared for signatures of selection in multiple (n = 10) breeds. These results suggest that 
many common genes have been under selection in multiple cattle breeds. In line with the 
history of breed formation, the majority of genomic regions under selection harbour genes 
that control appearance traits, for example, polledness, double muscling, coat colours and 
body size. Future research by using high-density genotypic data, additional breed samples 
by considering their effective population size (Ne) and accounting for relationship among 
the populations of the reference panels can improve the accuracy of genome-wide selection 
scans. Furthermore, subsequent functional and gene-network analyses of the genes 
underling the selection signatures will provide insights about the role of uncharacterized 
regions in each breed. 
Chapter 5 
 
120 
 
5.6 Appendix of Chapter 5 
(The following tables and figures are provided in appendix: pages 356 to 398) 
5.6.1 List of supplemenary tables 
Table S5.1: Breed information about the breed-types, geographic origin, country of 
sampling and DNA samples. Dataset 1 shows breed samples used in validation dataset 1 of 
26 breeds (898 samples) used for comparison of CSSi (breed-vs-breed) and CSS (breed-vs-
multi-breed). 
Table S5.2: Chromosome (BTA) wise information regarding genotyping data of cattle 
breeds 
Table S5.3: List of significant CSS regions in 60 worldwide breeds of cattle. 
 
 
5.6.2 List of supplemenary figures 
Figure S5.1: Manhattan plots of smoothed CSS and CSSi scores of 26 breeds from 
validation dataset 1. Genome-wide CSS and CSSi scores were re-scaled between 0 and 10 
to compare the locations of prominent peaks. 
Figure S5.2: Manhattan plots of smoothed CSS in five subsets of 6 breeds from validation 
dataset 2.  
Figure S5.3: Histograms showing the distribution of the number of SNPs in 1 Mb sliding 
windows in European, African and Zebu breeds. 
Figure S5.4: Manhattan plots of smoothed CSS in 60 worldwide breeds of cattle. Dashed 
(red) lines indicate the cut-off at the top 0.1% of the genome-wide smoothed CSS 
distribution. 
Figure S5.5: Distribution of significant SNPs per region and size of the significant genomic 
regions in the European, African and Zebu breeds. In each plot, red (diamond) and blue 
(round) points represent top 1% and 0.1% of SNPs, respectively. The vertical green and 
pink lines, respectively, represent mean and median size of the significant regions. 
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Chapter 6 
Validation of Signatures of Selection in Angus and Holstein  
using Low and Ultra-high-density SNP Genotypes 
(This chapter is in preparation for publication in a peer-reviewed journal) 
Abstract 
Chromosomal regions, which have been subjected to selective pressure, contain unique 
patterns of genetic diversity called signatures of selection. Indicators of these historical 
selection pressure events can be made evident using molecular genetic techniques and 
analytical tools. Recently, we developed such a tool (a composite selection signal – CSS 
test) to identify genomic regions under selection by combining estimates from multiple tests 
for selection signatures. In this study, utility of the CSS method was evaluated for detection 
of signatures of selection in Angus and Holstein in comparing low density (50K = 35,284 
SNPs) and ultra-high density (1.6M = 1,583,288 SNPs) genotypic datasets against a multi-
breed reference panel. The results of evaluation analyses showed that the CSS method is 
efficient in detecting signatures of selection in the absence of ancestral and derived allele 
phases under both genotype densities of SNP data. Overall, 4 and 5 regions were identified 
using the 50K SNP dataset, whereas, 57 and 55 regions were detected using the 1.6M SNP 
dataset in Angus and Holstein, respectively. Using CSS, 8 out of 9 regions under selection 
as identified with the 50K SNP panel were reproduced in the 1.6M SNP panel. This is 
substantially higher (89%) than previously reported (60%) comparing signatures detected in 
low- versus high-density SNP density analyses. Genomic regions under selection in both 
breeds were found harbouring genes for several important traits, such as coat colour, growth 
and stature, reproduction and dairy production. The confounding effects highlighted in this 
study should be considered in future research on detecting signatures of selection in 
livestock species. 
 
Key words: Affymetrix BOS 1, BovineSNP50, Composite selection signals, SNP density, 
Selective sweeps   
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6.1 Introduction 
The ability of livestock to convert raw products into food, energy, raw materials for 
industries and agriculture, has made cattle a globally-farmed species. During the past two 
decades, intense efforts have been made to discover the genes and polymorphisms 
contributing to variation in complex traits, such as beef and dairy production. Investigations 
of genetic factors for complex traits of beef and dairy production where the underlying 
genes may be a direct or indirect cause of selection require expensive resources. Angus and 
Holstein cattle have been subjected to long-term selection for their beef and dairy traits, 
respectively. Hence, detecting signatures of selection in these breeds can provide insights 
about the genomic regions that harbour functional variants for different beef and dairy traits. 
This study applied the composite selection signal (CSS) method on ultra-high-density 
genotypes to validate known and discover novel genomic regions under selection in Angus 
and Holstein. 
First, the CSS method was evaluated by substituting one of the earlier used constituent tests 
(ΔDAF, which requires ancestral and derived allele phase) with the ΔSAF test (described in 
Chapter 3, which does not require allele phases). The first evaluation was performed using 
low-density SNP data with known allele phase, genotyped on an Illumina BovineSNP50 
BeadChip assay (referred to as “50K SNP dataset”). Secondly, the CSS method was 
evaluated for the confounding effects of using different composition of reference panels in 
across-breed selection tests. The second evaluation was performed by using the ultra-high-
density genotypic data comprising of approximately 1.6 million SNPs, referred as “1.6M 
SNP dataset”. Finally, genome-wide significant regions under selection were detected in 
Angus and Holstein by using a 1.6 million SNP dataset and compared these with regions 
detected using their 50K dataset and the previously published meta-assembly (Chapter 2).  
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6.2 Materials and Methods 
6.2.1 DNA samples and SNP genotypes 
This study detected signatures of selection in Angus and Holstein breeds by using low-
density (50K SNP dataset) and ultra-high-density (1.6M SNP dataset) SNP genotypes 
(Table 6.1). Within each dataset, DNA samples from multiple breeds were utilized in the 
reference panel for the implementation of across-population tests of selection. It is 
noteworthy that the genotyped samples for all the breeds across both panels were 
independent. Therefore, this study provides a comparison of independent breed samples 
genotyped using variable SNP density. 
6.2.1.1 50K SNP dataset 
DNA samples and SNP genotypes for the 50K SNP dataset from 57 European breeds have 
been previously described in Chapter 5 (Table 5.1 and S5.1). The DNA samples of Angus 
(n = 128) and Holstein (n = 160) were investigated for signatures of selection using the 50K 
SNP dataset (Table 6.1), Briefly, the 50K dataset comprised of 1630 DNA samples (57 
breeds) genotyped with Illumina (San Diego, CA) BovineSNP50 BeadChip assays 
(Matukumalli et al. 2009; Nicolazzi et al. 2014). After quality control, 35,284 SNPs mapped 
on 29 autosomes using the UMD3.1 bovine assembly and minor allele frequency (MAF) > 
0.01 were retained (Table 6.2). Ancestral and derived allelic phases of these SNPs were 
determined based on information on several closely related out-group species (bison, 
buffalo, sheep, yak), available from (Decker et al. 2009; Matukumalli et al. 2009; Rocha et 
al. 2014). Imputation of missing genotypes and haplotype phasing was performed with 
BEAGLE 3.3 (Browning and Browning 2009). Using polymorphic SNPs and phased 50K 
SNP dataset, breed-specific analyses of signatures of selection for Angus (n = 128) and 
Holstein (n = 160) were performed, whereas, a random subset of 165 DNA samples from 
remaining breeds was used as a reference panel.  
The analyses on 50K dataset were performed with the objectives:  
1. to compare the utility of the CSS method by including (ΔDAF) and excluding (ΔSAF) 
allelic phases (i.e., ancestral and derived), and  
2. to compare the efficiency of CSS for detection of significant signatures of selection in 
low (50K) and ultra-high-density (1.6M) genotyping panels in Angus and Holstein. 
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6.2.1.2 1.6M SNP dataset 
DNA samples and SNP genotypes for the 1.6 million SNP dataset were collected from 
seven breeds of cattle (Table 6.1). In total, 105 DNA samples of these seven breeds were 
genotyped with a pre-screening assay comprising almost 3 million validated SNPs in 
collaboration with Affymetrix (Santa Clara, CA) to design the Axiom Genome-Wide BOS 1 
Array Plate (AFFXB1P). Genotypic data on 2,575,339 SNPs from 58 DNA samples of five 
breeds (Angus, Brahman, Hanwoo, Simmental and Wagyu) were obtained from Ramey et 
al. (2013). In addition, 47 DNA samples of three breeds (Angus, Holstein and Murray Grey) 
were genotyped with the pre-screening assay of AFFXB1P. After quality control, 1,583,288 
(~ 1.6 million) SNPs with a mean inter-marker interval of 1.584 kb mapped on 29 bovine 
autosomes and overall MAF > 0.01 were retained (Table 6.2). Ancestral and derived allele 
information on these SNPs was not available. Imputation of missing genotypes and 
haplotype phasing was performed with BEAGLE 3.3 (Browning and Browning 2009). The 
1.6M SNP dataset of Angus (n = 29) and Holstein (n = 40) were investigated for signatures 
of selection, whereas the remaining breeds were used in the reference panel. 
The analyses on the 1.6M SNP dataset were performed to detect genome-wide signatures of 
selection in Angus and Holstein cattle with the objectives;  
1. to evaluate the utility of CSS for different compositions of reference panels;  
i. by using a single breed, Angus and Holstein comparison against each other  
ii. by using a multi-breed panel, with maximum available samples per breed 
iii. by using a multi-breed panel with balancing samples per breed. 
2. to compare the genome-wide meta-selection-scores (chapter 2) against significant CSS 
of Angus and Holstein, and  
3. to compare the within Angus contiguously low MAF based signatures of selection 
detected using 23 (out of 29) samples and ~ 2.6 million SNPs (Ramey et al. 2013) 
against the significant CSS of Angus computed in this study.  
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Table 6.1: Breed information about the geographic origin, country of sampling and DNA 
samples.  
Breeds Geographic Origin 
Country of 
sampling 
DNA Samples (N) 
50K SNP 
dataset 
1.6M SNP 
dataset 
Angus Scotland USA, New Zealand, Australia 128 29 
Brahman India India, Brazil, USA, Australia - 8 
Hanwoo Korea South Korea - 11 
Murray Grey Australia Australia - 1 
Simmental Switzerland USA - 6 
Wagyu Japan USA - 10 
Holstein Netherlands France, USA, New Zealand, Australia 160 40 
Total - - 288 105 
Reference 
panels - - 165* 45** 
 
* For the reference population, the genotyping dataset of 165 samples (randomly selected 
equal number of samples from each breed) from European breeds given in Chapter 5 were 
used. 
** Reference panels were evaluated for different compositions for number of samples and 
breeds. Finally, for analyses to detect signatures of selection in Angus and Holstein, 
reference panels of 45 samples comprised of Angus or Holstein = 10, Brahman = 8, 
Hanwoo = 10, Murray Grey = 1, Simmental = 6 and Wagyu = 10. It is noteworthy that in 
the CSS computation for Angus, the reference panel included 10 Holstein samples and vice 
versa. 
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Table 6.2: Chromosome-wise information on two genotyping datasets used for detection of 
selection signatures 
Chromosome UMD3.1 length (bp) 
50K SNP dataset 1.6M SNP dataset 
SNPs 
(N) 
Mean distance 
of SNPs (bp) SNPs (N) 
Mean distance 
of SNPs (bp) 
1 158,337,067 2,382 66,370 106,660 1,484 
2 137,060,424 1,909 71,409 92,380 1,480 
3 121,430,405 1,758 68,868 78,804 1,540 
4 120,829,699 1,775 67,542 84,313 1,431 
5 121,191,424 1,471 81,331 75,966 1,595 
6 119,458,736 1,789 66,579 79,060 1,509 
7 112,638,659 1,525 73,730 69,631 1,618 
8 113,384,836 1,699 66,555 77,431 1,464 
9 105,708,250 1,475 70,916 69,891 1,512 
10 104,305,016 1,514 68,244 73,346 1,421 
11 107,310,763 1,544 69,329 67,770 1,582 
12 91,163,125 1,131 78,913 57,093 1,596 
13 84,240,350 1,213 69,142 53,536 1,573 
14 84,648,390 1,178 70,629 42,145 1,977 
15 85,296,676 1,123 74,660 53,988 1,578 
16 81,724,687 1,090 73,546 50,345 1,620 
17 75,158,596 1,082 69,276 34,190 2,197 
18 66,004,023 851 76,446 34,097 1,934 
19 64,057,457 903 69,657 23,371 2,736 
20 72,042,655 1,102 64,974 49,062 1,466 
21 71,599,096 940 72,710 41,729 1,715 
22 61,435,874 907 67,318 41,679 1,471 
23 52,530,062 712 72,751 34,260 1,533 
24 62,714,930 889 69,891 43,257 1,446 
25 42,904,170 631 67,769 23,072 1,856 
26 51,681,464 717 71,106 32,173 1,601 
27 45,407,902 643 70,468 32,392 1,402 
28 46,312,546 622 74,263 30,894 1,496 
29 51,505,224 709 70,120 30,753 1,674 
Total 2,512,082,506 35,284 - 1,583,288 - 
Average -  70,845 - 1,584 
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6.2.2 Composite selection signal (CSS) 
The procedure for computing CSS statistics by combining multiple tests of selection has 
been described in detail in Chapter 3 (Randhawa et al. 2014). For a pairwise CSS 
computation between breeds i and j, the following constituent tests of selection were 
included; FST (Weir and Cockerham 1984), XP-EHH (Sabeti et al. 2007) and ΔDAF 
(Grossman et al. 2010). In this chapter, to accommodate the lack of information on ancestral 
and derived allele phases in the 1.6 million dataset, we replaced ΔDAF (change in derived 
allele frequency) test with our previously developed ΔSAF (change in selected allele 
frequency) test (Chapter 3). ΔSAF is a simple statistic based on the allele frequency 
differences between the breeds i and j. Briefly, ∆SAF i jA Af f  , where, iAf is the frequency 
of allele A, the major allele in the candidate selected breed i; similarly, jAf is the frequency 
of allele A in non-selected breed j. Since the estimates of ∆DAF and ∆SAF are a function of 
the allele frequency distributions, they can be used interchangeably to detect loci under 
selection and segregating at higher frequencies. In addition, because ΔSAF deals with both 
the ancestral and derived alleles at high frequencies in breed i, it is expected to detect 
additional regions where ancestral alleles are under selection. The utility of CSS by using 
either ΔSAF or ΔDAF along with FST and XP-EHH as constituent tests was compared 
within the 50K SNP dataset. 
6.2.2.1 Computation of genome-wide CSS using 50K and 1.6M SNP datasets 
Briefly, the CSS statistics were computed at each locus by combining the results from three 
constituent selection tests as follows: For each constituent method implemented to compare 
breeds i and j, test statistics were ranked (r = 1, ..., n) genome-wide on n SNPs. Ranks (R) 
were converted to fractional ranks (r) (between 0 and 1) by 1/(n + 1) through n/(n + 1). 
Fractional ranks were converted to z-values as z = Φ-1(r) where Φ-1(⋅) is the inverse normal 
cumulative distribution function (CDF). Mean z scores were calculated by averaging z-
values across all constituent tests at each SNP x position. The pairwise CSS statistics were 
equal to –log10 of p-values of mean Z distribution directly obtained from the distribution of 
means from a normal distribution.  
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6.2.2.2 Smoothing CSS for 50K and 1.6M SNP datasets 
To reduce spurious isolated signals, the empirical CSS scores were smoothed by averaging 
values within sliding windows. Because the SNP density differs between the 50K and 1.6M 
SNP datasets by ~ 45 fold, smoothing was performed by using different sliding window 
spans for each dataset. Figure 6.1 shows the distribution of SNPs within the sliding 
windows. For the 50K SNP dataset, 1 Mb span centred at each SNP was used and on 
average there were 16 (range 2 – 28) SNPs in a window (Figure 6.1A). For the 1.6M SNP 
dataset, a 50 kb span was used and on average there were 38 (range 1 – 94) SNPs in a 
window (Figure 6.1B). Sliding windows containing fewer than five SNPs were excluded 
from both datasets. Sliding window spans of 50 kb were considered sufficient to account for 
the average extent of linkage disequilibrium (LD) in the bovine genome (Qanbari et al. 
2014). 
6.2.3  Significant genomic regions under selection using 50K and 1.6M SNP datasets 
The top 0.1% of smoothed CSS scores within each dataset was used to declare a significant 
SNP relative to the rest of the genome. Considering the variable SNP density and 
distribution of genome-wide smoothed CSS, slightly different (secondary) thresholds were 
used to define the boundaries of the significant genomic regions. For the 50K SNP dataset, 
the significant genomic regions were defined as those that harbour at least one top 0.1% 
SNP flanked by multiple (≥ 3) adjoining SNPs in the top 1.0%. Preliminary results from the 
1.6 million dataset showed that the top 1.0% flanking to the top 0.1% CSS extended over 
large regions. For the 1.6 million dataset, therefore, the significant genomic regions were 
defined as those that harbour at least one top 0.1% SNP flanked by multiple (≥ 3) adjoining 
SNPs in the top 0.5%. Boundaries of the significant genomic regions were defined by the 
first and last of those top 1.0% and 0.5% SNPs within the 50K and 1.6M SNP datasets, 
respectively. In addition, neighbouring regions localized in close proximity (~1 Mb) were 
considered as a single significant genomic region. The significant genomic regions based on 
CSS by using ΔSAF were compared between the 50K and 1.6M SNP datasets. 
Finally, the list of significant genomic regions detected using the ultra-high density dataset 
is presented along with the genes underlying those regions and some of the known genes for 
beef and dairy traits are described.  
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Figure 6.1: Histograms showing the distribution of the number of SNPs in the sliding 
windows used to smooth CSS. Histogram A shows the distribution of SNPs in 1 Mb sliding 
windows implemented in 50K SNP dataset. Histogram B shows the distribution of SNPs in 
50 kb sliding windows implemented in the 1.6M SNP dataset. 
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6.3 Results 
6.3.1 Analyses of the 50K SNP dataset 
6.3.1.1 Comparison of using ΔSAF and ΔDAF in CSS computation 
Genome-wide comparisons between the CSS computed using ΔSAF and ΔDAF for 50K 
SNP dataset is shown in Figure 6.2. The results on smoothed CSS peaks of Angus (Figure 
6.2A) and Holstein (Figure 6.2B) suggest that using either of these allele frequency based 
tests of selection detected the same regions under selection. Overall, correlations between 
the two approaches were 0.92 and 0.91 in Angus (Figure 6.2C) and Holstein (Figure 6.2D) 
results, respectively.  
As expected, using ΔSAF for computing CSS has resulted in detecting additional regions 
compared to using ΔDAF. This is shown for example, on bovine autosome (BTA) 4, BTA-
18 and BTA-21 in Angus (Figure 6.2A) and BTA-13 in Holstein (Figure 6.2B). In addition, 
the magnitudes of some of the CSS were lower using ΔSAF as compared to CSS using 
ΔDAF as observed on BTA-1, BTA-3 and BTA-19 in Angus. This suggests that when using 
ΔSAF, the ranks (R) in the CSS computation are re-arranged. This is possibly because of 
additional signals, when using ΔSAF, identified due to selection acting on ancestral alleles. 
A comparison of the peaks in Figure 6.2A suggests that the genomic regions detected by 
CSS using ΔDAF were found within the top 0.5% of CSS using ΔSAF.1 Nevertheless, none 
of the significant CSS using ΔDAF computed in Holstein (Figure 6.2B) were lost by CSS 
using ΔSAF suggesting that the re-arrangement of R is not always the case.  
6.3.1.2 Significant CSS regions using the 50K SNP dataset 
Because the CSS in the 1.6M SNP dataset were computed by using FST, XP-EHH and 
ΔSAF, the top 0.1% of regions detected in the 50K SNP dataset by CSS using ΔSAF was 
compared with the top 0.1% of regions detected in the 1.6M SNP dataset for Holstein and 
Angus (see section 6.3.3.1). In Angus, significant CSS regions were detected on BTA-4 
(69.78 – 70.73 Mb), BTA-13 (62.88 – 66.18 Mb), BTA-18 (50.68 – 51.22 Mb) and BTA-21 
(47.65 – 49.17 Mb). In Holstein, significant CSS regions were located on BTA-8 (107.44 – 
108.35 Mb), BTA-10 (72.20 – 74.04 Mb), BTA-13 (5.67 – 6.99 Mb), BTA-20 (28.46 – 
31.84 Mb) and BTA-26 (19.50 – 23.00 Mb) using the 50K SNP panel.  
                                                            
1 The complication in choosing appropriate thresholds for CSS method will be dealt in future research. 
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Figure 6.2: Comparison between the genome-wide smoothed CSS scores computed by using ΔSAF and ΔDAF based on 50K SNP dataset. 
Manhattan plots show genome-wide distribution of CSS by using ΔSAF (shown as positive scores) and CSS using ΔDAF (shown as negative 
scores) in Angus (plot A) and Holstein (Plot B). Dashed (red and blue) lines indicate the cut-off at the top 0.1% of the genome-wide smoothed 
CSS (using ΔSAF and ΔDAF, respectively) distribution in the A and B plots. Dotted (gray) lines indicate the cut-off at the top 0.5% of CSS 
using ΔSAF in the A and B plots. Scatter plots C and D show the comparisons between the two approaches in Angus and Holstein, respectively. 
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6.3.2 Analyses of the 1.6M SNP dataset 
6.3.2.1 Comparison of different compositions of reference panel 
Three different compositions of reference panels were evaluated to compute genome-wide 
CSS in Angus and Holstein using the 1.6M SNP dataset. Genomic regions were found to be 
sensitive to the composition of reference panels against Angus (Figure S6.1) and Holstein 
(Figure S6.2). For example, Figure 6.3 highlights the effects of using different compositions 
of reference panels at three loci (ABCG2, KIT and Casein) on BTA-6, which have been 
reported to be under selection in many breeds including Holstein. Highest CSS scores were 
found in the top plot at these loci, when Holstein was compared against balancing (n ≤ 10) 
samples from each of the reference breeds. Lowest CSS scores were found in the bottom 
plot at the three loci, when Holstein was compared against Angus. These results suggested 
that a reference panel of multiple breeds should be selected such that each reference breed 
contributes almost equal (preferably exactly equal, if possible) number of samples. A 
heterogeneous multi-breed panel is expected to generate neutral patterns of genome-wide 
allelic and haplotype polymorphisms. Therefore, the discovery analyses for Angus and 
Holstein were performed using reference panels comprising 45 DNA samples from multiple 
breeds (Table 6.1) 
6.3.2.2 Significant CSS regions detected by the 1.6M SNP dataset  
Genome-wide maps of smoothed CSS of Angus and Holstein are shown in Figure 6.4 and 
Figure 6.5, respectively. Overall, 57 (Table 6.3) and 55 (Table 6.4) genomic regions were 
detected harbouring significant CSS above the top 0.1% genome-wide thresholds in Angus 
and Holstein, respectively. The breed-specific regions of Angus and Holstein are named 
with prefixes A and H, respectively, to refer them uniquely in description and comparisons. 
6.3.2.3 Unique and shared selection regions in Angus and Holstein 
Comparison between the Angus and Holstein results shows that the majority of the 
significant genomic regions under selection were unique to each breed (Table 6.3 and Table 
6.4). Among the Angus (n = 57) and Holstein (n = 55) significant CSS regions, only five 
genomic regions were found to be co-located across both breeds, namely on BTA-1 (Region 
A2 and H1), BTA-13 (Region A36 and H23), BTA-19 (Region A52 and H42), BTA-21 
(Region A53 and H48) and BTA-22 (Region A55 and H50). 
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Figure 6.3: Comparison of using different compositions of reference panels against 
Holstein using the 1.6M SNP dataset. In each plot, smooth CSS are shown on chromosome 
6 showing vertical gray bars at the location of genes including ABCG2 (38th Mb), KIT (72nd 
Mb) and Casein (88th Mb). Horizontal dashed and dotted lines show genome-wide 
thresholds of top 0.1% and 1.0%, respectively. 
Top row: Holstein compared against a multi-breed panel by including balancing (n ≤ 10) 
samples from each reference breed. 
Middle row: Holstein compared against multi-breed panel by including maximum (all) 
samples from reference breed. 
Bottom row:  Holstein compared against Angus. 
Manhattan plots of Angus and Holstein for the genome-wide comparison of three 
compositions of reference panel are shown in Figure S6.1 and Figure S6.2, respectively.
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Figure 6.4: Chromosome-wise distribution of smoothed CSS computed from ultra-high density SNPs in Angus. Dashed (red) and dotted (blue) 
lines indicate the significant thresholds at top 0.1% and 1.0% of the genome-wide smoothed CSS, respectively. 
BTA = Bos taurus autosome;  CSS = Composite Selection Signals (smoothed scores);   Mb = Mega-base pairs 
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Figure 6.5: Chromosome-wise distribution of smoothed CSS scores computed from ultra-high density SNPs in Holstein. Dashed (red) and 
dotted (blue) lines indicate the significant thresholds at top 0.1% and 1.0% of the genome-wide smoothed CSS, respectively.  
BTA = Bos taurus autosome;  CSS = Composite Selection Signals (smoothed scores);   Mb = Mega-base pairs 
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6.3.3 Comparison of significant CSS regions across datasets and previous results 
Figure 6.6 shows a detailed comparison of the top 1.0% and significant 0.1% CSS regions 
with information derived from other sources including significant CSS regions detected by 
the 50K SNP dataset, MSS from meta-assembly and gene density (genes per Mb). In 
addition, contiguously low MAF-based selective sweeps in Angus from a previous study 
(Ramey et al. 2013) using some common Angus samples was compared.  
6.3.3.1 Validation of significant CSS regions from 50K in 1.6M SNP datasets 
The nine significant (top 0.1%) CSS regions from the 50K dataset were compared with the 
significant (top 0.1%) CSS regions of the 1.6M SNP dataset (n = 107). In Angus, all four 
(A11, A43, A50 and A53) significant CSS regions detected by the 50K SNP dataset were 
validated in the 1.6M SNP dataset (n = 57, Table 6.3). In Holstein, four (H17, H18, H43 and 
H53) out of five significant regions detected by the 50K SNP dataset were validated in the 
1.6M SNP dataset (n = 55, Table 6.4). The remaining (5th) region on BTA-13 (5.67 – 6.99 
Mb) detected in the 50K SNP dataset was observed within the top 2% (non-significant) in the 
1.6M SNP dataset. Notably, there were no DNA samples in common between the 50K and 
1.6M SNP datasets. Overall, these results suggest that the CSS method has high power to 
detect signatures of selection in low and high-density genotypic datasets. The validation rate 
of this study was also significantly higher than the previous study on Angus by Ramey et al. 
(2013), where 50K and 2.8 million SNP data generated on common DNA samples validated 
only three out of five significant regions.  
6.3.3.2 Comparison of significant CSS regions vs low MAF regions in Angus 
Previously, Ramey et al. (2013) detected selective sweep regions harbouring contiguously 
low frequency (MAF ≤ 0.01), mostly monomorphic markers in 23 out of our 29 Angus 
samples using ~2.6 million SNPs. Overall, they found 29 significant selective sweeps, of 
which 16 were unique in Angus, whereas 13 were common between Angus and other breeds 
(Hanwoo, Simmental and Wagyu). Comparison of those results with the significant CSS 
regions (Table 6.3) showed a high degree of discordance between the two studies. Only one 
region A6 (BTA-3: 28.22 – 28.25 Mb) was found in common in both studies (Figure 6.6). 
Moreover, previously detected 29 selective sweep regions were searched for within the top 
1% CSS. In total, 14 (including major loci) of 29 were within the top 1% CSS (non-
significant but highly suggestive). More specifically, out of those 14 regions, 10 (62.5%) 
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were unique to Angus and four (31%) were among those shared between Angus and other 
beef breeds by Ramey et al. (2013).  
6.3.3.3 Validation of significant CSS regions vs meta-selection scores (MSS) 
Figure 6.6 also shows a comparison between the significant CSS regions and the MSS from 
meta-assembly of both breeds. MSS for Angus and Holstein were computed using a 
collection of published signatures of selection from 10 and 17 studies, respectively (Chapter 
2). Overall, most of the significant CSS regions in both breeds coincided with the previously 
reported signatures of selection, each detected in only one study, i.e., MSS ≤ 3 (Figure 6.6). 
However, the distribution of MSS > 3, which indicates that a signature of selection has been 
validated in more than one study or by more than one method, was more frequently co-
located with significant CSS regions in Holstein than in Angus. Limited consensus of 
signatures of selection across multiple studies has been noted in several breeds (Chapter 2 
and Chapter 5).  
6.3.3.4 Significant CSS regions and gene density 
The bovine genome has variable gene density with an average of approximately nine genes 
per Mb. Overall, 7.5% of 1 Mb genomic regions are gene free (gene-sparse), whereas, 5% of 
regions contain 30-78 genes within each 1 Mb (gene-dense) (Figure 6.6). The significant CSS 
regions were located within the gene-dense as well as in the gene-sparse regions. Table 6.3 
and Table 6.4 also show the list of several genes located within or co-located within 0.5 Mb 
of each significant region in Angus and Holstein, respectively. In Angus and Holstein, 
respectively, ~7% (4 out of 57) and ~ 2% (1 out of 55) of significant CSS regions did not 
contain genes. The gene-free regions – which have no genes within 1 Mb surroundings on 
both sides – were A2, A34, A48, A56 and H1 (H1 and A2 are also found common between 
Holstein and Angus). Overall, several of the significant regions in Angus and Holstein 
contain important genes for adaptation, appearance and production traits. For example, a 
novel Region A43 found in the 50K and 1.6M SNP datasets harbours colour (ASIP) and 
growth (C20orf44 and GDF5) related genes in Angus. Similarly, in Holstein, Region H43 
harbours dairy-related GHR gene, which was also found in 50K SNP dataset. In addition, 
there were multiple regions (H10-13, H33, H41, H43 and H53) in Holstein that harbour or 
co-locate with several major genes with strong effects in dairy and other traits. Many of the 
significant regions contain QTLs, SNP-associations and signatures of selection are discussed. 
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Table 6.3: Genomic regions and genes underlying signatures of selection in Angus 
Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
A1 1 8.31 – 8.37 55 (68) 4.80 LOC526789 
A2# 1 49.15 – 49.18 6 (21) 3.97 - 
A3 1 56.63 – 56.70 4 (62) 3.23 CD96, ZBED2, PLCXD2 
A4 2 106.94 – 107.01 21 (41) 4.83 CXCR1, ARPC2, GPBAR1, AAMP, PNKD 
A5 2 122.92 – 122.94 1 (7) 3.25 FABP3, ZCCHC17, SERINC2, SNRNP40, NKAIN1 
A6 3 28.22 – 28.25 10 (14) 3.73 NGF, TSPAN2, TSHB 
A7 3 48.57 – 48.62 17 (57) 3.31 RWDD3, ALG14, CNN3 
A8 3 52.35 – 52.46 16 (88) 3.43 HFM1, ZNF644 
A9 3 57.04 – 57.80 30 (97) 3.48 HS2ST1 , SH3GLB1, ODF2L 
A10 3 109.42 – 109.46 11 (18) 3.59 GRIK3 
A11* 4 69.92 – 70.43 371 (391) 5.19 SNX10, CBX3, NFE2L3, NPVF, CYCS, OSBPL3 
A12 5 33.96 – 34.01 7 (46) 3.38 SLC38A2, SLC38A1 
A13 5 78.29 – 78.47 9 (91) 3.47 BICD1, LOC510651, AMN1 
A14 5 105.45 – 105.49 2 (26) 3.38 KCNA5, KCNA1 
A15 6 9.93 – 9.99 12 (37) 3.40 TRAM1L1 
A16 6 64.52 – 64.62 66 (112) 3.64 KCTD8 
A17 6 68.40 – 68.43 4 (30) 3.22 CNGA1, NIPAL1, TXK, TEC 
A18 6 93.02 – 93.10 12 (85) 3.27 SCARB2, STBD1, CCDC158, SHROOM3 
A19 6 118.26 – 118.32 5 (10) 3.66 TBC1D14, CCDC96, MIR2453, GRPEL1, SORCS2 
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Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
A20 7 14.71 – 14.75 9 (26) 3.41 LOC787084, ZNF317 
A21 7 93.19 – 93.24 19 (51) 3.51 ARRDC3 
A22 8 18.46 – 18.58 34 (108) 3.89 TUSC1 
A23 8 32.69 – 32.76 3 (52) 3.34 LOC782470 
A24 8 41.06 – 41.12 10 (43) 3.44 MIR2470, RFX3 
A25 8 80.26 – 80.30 11 (19) 3.58 AGTPBP1 
A26 8 84.87 – 84.90 11 (18) 3.50 CDC14B, C8H9orf21, ZNF782, CTSL2 
A27 8 88.85 – 89.06 56 (144) 4.59 DIRAS2 
A28 8 92.11 – 92.61 77 (272) 4.03 MURC, LOC515209, MRPL50, ZNF189, ALDOB 
A29 8 93.90 – 94.00 35 (61) 3.78 CYLC2 
A30 9 44.61 – 44.64 8 (28) 3.38 PRDM1, PREP 
A31 9 101.76 – 101.9 74 (106) 4.19 MGC134132, PDE10A 
A32 10 30.47 – 30.52 46 (58) 3.67 GJD2, ACTC1, AQR 
A33 11 48.52 – 48.56 3 (30) 3.24 REEP1, MRPL35, IMMT, PTCD3, POLR1A 
A34 11 53.00 – 53.07 3 (55) 3.23 - 
A35 12 12.68 – 12.83 36 (113) 4.22 AKAP11, TNFSF11, C12H13orf30 
A36# 13 0.42 – 0.50 6 (37) 3.92 TMX4 
A37 13 2.58 – 2.70 2 (86) 3.19 PAK7, MGC148692 
A38 13 16.84 – 16.93 13 (75) 3.35 PRKCQ 
A39 13 30.35 – 30.41 4 (56) 3.40 ITGA8 
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Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
A40 13 38.85 – 39.70 126 (330) 4.67 POLR3F, RBBP9, SEC23B, DTD1, SLC24A3 
A41 13 59.81 – 59.88 45 (51) 4.28 TFAP2C, C13H20ORF43, GCNT7, CASS4 
A42 13 61.54 – 61.59 4 (36) 3.23 DEFB122,REM1, HM13, ID1, BCL2L1 
A43* 13 62.58 – 65.41 153 (144) 4.42 BASE, RALY, ASIP, AHCY, ITCH, C20orf44, GDF5 
A44 13 69.30 – 69.39 9 (88) 3.28 MAFB 
A45 15 28.68 – 28.72 6 (16) 3.70 CEP164, DSCAML1, FXYD2 
A46 15 72.77 – 72.84 10 (45) 3.24 C8H9orf30 
A47 15 78.23 – 78.25 1 (3) 3.59 C15H11orf49, ARFGAP2, PACSIN3, DDB2, ACP2 
A48 16 9.23 – 9.29 2 (45) 3.19 - 
A49 18 20.69 – 20.74 3 (29) 3.31 TOX3 
A50* 18 52.18 – 52.25 19 (41) 4.06 CADM4, PLAUR, IRGC, SMG9, KCNN4, LYPD5 
A51 19 11.58 – 11.61 1 (12) 3.21 MED13, INTS2, BRIP1 
A52# 19 52.96 – 52.98 1 (10) 3.48 SLC26A11, SGSH, CARD14, EIF4A3, GAA, CCDC40 
A53#* 21 47.79 – 48.67 16 (167) 3.51 SLC25A21, MIPOL1, FOXA1, SSTR1, CLEC14A 
A54 22 0.15 – 0.20 24 (31) 3.97 MRPS24, URGCP, UBE2D4, DBNL, PGAM2 
A55# 22 18.93 – 18.97 11 (26) 3.44 GRM7 
A56 24 16.08 – 16.12 9 (36) 3.33 - 
A57 28 25.49 – 25.55 24 (35) 4.12 STOX1, KBP, SRGN, VPS26A, SUPV3L1 
# Regions that were found shared (overlapping or within 0.5Mb span) between Angus and Holstein using 1.6M SNP dataset 
* Regions that were also detected in the top 0.1% distribution of CSS using 50K SNP dataset of Angus. Max = Maximum 
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Table 6.4: Genomic regions and genes underlying signatures of selection in Holstein 
Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
H1# 1 48.48 – 48.53 31 (41) 3.58 - 
H2 1 74.85 – 74.94 33 (48) 3.57 ATP13A5, HRASLS, LOC519376 
H3 1 76.65 – 76.71 3 (44) 3.29 CCDC50, UTS2D, OSTN 
H4 1 91.50 – 91.54 1 (11) 3.39 LOC100337356 
H5 2 0.34 – 0.38 1 (33) 3.34 LGSN, OCA2, LOC783772 
H6 3 9.64 – 9.69 12 (28) 3.54 PEX19, PEA15, CASQ1, IGSF8, PIGM 
H7 3 54.25 – 54.30 29 (48) 3.87 GBP7, GBP6, GBP5 
H8 4 77.12 – 77.66 54 (74) 5.14 MYO1G, PPIA, OGDH, TMED4, NUDCD3, GCK 
H9 4 86.86 – 86.92 22 (53) 3.82 FAM3C, PTPRZ1 
H10 6 37.23 – 37.28 8 (55) 3.40 LOC532427, FAM13A1, ABCG2 
H11 6 71.58 – 71.67 47 (70) 3.75 PDGFRA, KDR, KIT 
H12 7 39.08 – 39.15 29 (43)  3.63 COMMD10, ARL10, NOP16, CLTB, FAF2 
H13 7 48.64 – 48.70 1 (25)  3.31 H2AFY, TIFAB, NEUROG1, CXCL14 
H14 8 24.56 – 24.65 34 (101) 3.51 SLC24A2, ACER2 
H15 8 44.98 – 45.04 37 (59) 3.55 PGM5, FAM122A, PIP5K1B 
H16 8 71.34 – 71.51 78 (98) 5.23 R3HCC1, LOXL2, ENTPD4, NKX3-1 
H17* 8 107.68 – 108.58 238 (656) 4.43 ASTN2, TRIM32 
H18* 10 73.36 – 73.45 4 (74) 3.45 MNAT1, TRMT5, SLC38A6 
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Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
H19 11 91.69 – 91.74 9 (45) 3.30 MGC151949, GGTA1 
H20 11 106.44 – 106.58 1 (84) 4.72  FBXW5, TRAF2, EDF1, MAMDC4, PHPT1, PARF 
H21 12 40.63 – 40.68 13 (42) 3.43 PCDH9 
H22 12 48.60 – 48.82 74 (166) 4.27 KLF12 
H23# 13 0.10 – 0.37 11 (52) 4.88 LOC100296695, LOC788089, TMX4 
H24 13 41.73 – 41.79 17 (41) 3.38 FOXA2 
H25 13 46.77 – 46.83 29 (46) 4.33 ADARB2, IDI1, GTPBP4, LARP4B, DIP2C 
H26 13 48.35 – 48.48 26 (124) 3.81 CHGB, TRMT6, MCM8, LRRN4, FERMT1 
H27 13 51.03 – 51.13 26 (50) 4.11 HAO1, LOC529535 
H28 13 53.98 – 55.32 55 (108) 4.07 SIRPB1, SIRPB1, GINS1, PCMTD2, MYT1 
H29 14 12.00 – 12.60 163 (380) 4.03 FAM49B, GSDMC, LOC100299192 
H30 16 20.08 – 20.17 3 (52) 3.32 USH2A 
H31 16 24.26 – 24.33 2 (47) 3.27 SLC30A10, BPNT1, IARS2, MIR215, RAB3GAP2 
H32 16 32.73 – 32.79 34 (39) 3.73 LOC100336762, EFCAB2 
H33 16 42.55 – 42.59 7 (14) 3.68 MIIP, MFN2, PLOD1, CLCN6, MTHFR, AGTRAP 
H34 16 49.34 – 53.04 2 (5) 3.98 TNNT2, LAD1, CSRP1, NAV1 
H35 16 54.99 – 55.04 7 (35) 3.5 LOC789222 
H36 16 69.09 – 69.13 1 (24) 3.28 TPR, PDC, PTGS2 
H37 16 71.76 – 71.82 14 (45) 3.92 PROX1 
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Region BTA Boundaries (Mb) Top 0.1 (0.5)% SNPs Max CSS Genes 
H38 16 75.83 – 75.97 19 (105) 3.63 CAMK1G, MIR205 
H39 17 52.09 – 52.13 21 (29) 3.93 RPS14 
H40 17 73.23 – 74.67 3 (3) 5.30 PRODH, LZTR1 P2RX6, TSSK1B, SLC25A1, HIRA 
H41 18 57.86 – 57.98 1 (64) 3.35 SIGLEC10, SIGLEC8, SIGLEC14 
H42# 19 52.96 – 53.00 10 (18) 4.64 RNF213, SLC26A11, SGSH, GAA 
H43* 20 31.67 – 31.85 57 (117) 4.87 ZNF131, SEPP1, GHR 
H44 20 44.09 – 44.13 6 (21) 3.58 LOC100295295 
H45 20 46.34 – 46.40 8 (39) 3.34 CDH9 
H46 20 47.87 – 47.93 27 (36) 4.05 LOC100336412 
H47 21 0.87 – 1.73 7 (26) 5.32 MKRN3, LOC507891 
H48# 21 49.11 – 49.16 18 (35) 3.63 CLEC14A, SEC23A 
H49 21 65.24 – 65.30 34 (55) 3.52 BCL11B 
H50# 22 18.98 – 19.03 18 (44) 3.55 GRM7 
H51 22 25.03 – 25.08 6 (51) 3.59 CNTN6 
H52 25 15.35 – 15.40 39 (51) 4.39 LOC100296255 
H53* 26 20.03 – 20.78 132 (260) 4.19 CENPN, SCD, BTRC, POLL, DPCD, FGF8 
H54 26 38.69 – 38.72 5 (11) 3.46 RAB11FIP2 
H55 29 38.76 – 38.77 5 (7) 3.38 PAG15, PAG4, PAG14, PAG16 
 Regions that were found shared (overlapping or within 0.5Mb span) between Angus and Holstein using 1.6M SNP dataset 
* Regions that were also detected in the top 0.1% distribution of CSS using 50K SNP dataset of Holstein. Max = Maximum 
Chapter 6 
 
144 
 
 
Figure 6.6: Genome-wide comparative maps of signatures of selection, meta-assembly and gene density.  
Top (Angus) and middle (Holstein) panels: Vertical blue lines with red diamonds on their upper ends show top 1.0% (│) and 0.1% (♦) CSS 
from the 1.6M SNP dataset. Circle points in gray, light green and dark green indicate positions of top 1.0% (●), 0.5% (●) and 0.1% (●) CSS, 
respectively, from the 50K SNP dataset. Vertical bars in light blue and red show meta- selection-score (MSS) detected in one (MSS ≤ 3 shown 
as │) or more than one study (MSS > 3 shown as│), respectively, from meta-assembly (Chapter 2) of Angus and Holstein. The triangles in top 
(Angus) panel indicate the location of contiguously low MAF (▼ unique to Angus and ▲ shared with other breeds) based selective sweeps 
detected in Angus by Ramey et al. (2013). 
Bottom Panel shows gene density computed as genes per Mb in the bovine genome. 
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6.4 Discussion 
6.4.1 Validation of CSS from the 50K SNP dataset in the 1.6M SNP dataset 
Comparison between the significant regions detected by CSS using 50K and 1.6M SNP 
datasets resulted in a very high rate (eight out of nine) of validation between the low and 
ultra-high density SNP panels. Notably, both datasets genotyped independent samples of 
Angus and Holstein and used two very different SNP datasets and reference panels. 
Persuasively, most of the validation regions harbour several genes known to be associated 
with various appearance and production traits (discussed below). These results suggest 
that the CSS method has high power of detecting signatures of selection using variable 
SNP density. Previously, in Chapter 5, the CSS method was also shown to have high 
power of detecting signatures of selection even with a small number of DNA samples. 
Altogether, this study (thesis) provides evidence that power can be gained for genome-
wide selection scans conducted on available resources in cattle by combining the evidence 
from complementary statistical tests and phenotypically similar breeds. Moreover, it was 
noted that increasing sample size and SNP density could increase the accuracy and number 
of significant regions detected. For instance, as compared to the 50K SNP dataset, using 
an ultra-high-density 1.6M SNP dataset detected 11 and 14 fold more genomic regions in 
Angus and Holstein, respectively, despite using a more stringent threshold of declaring 
regions significant under the high-density panel.  
6.4.2 Genomic regions under selection in Angus and Holstein  
In total, 57 and 55 genomic regions were detected under selection in Angus and Holstein, 
respectively. Given that both breeds are specialized for beef and dairy production, only 
five genomic regions were found in common between them. However, because both 
breeds were used in the reference panels against each other, therefore, cofounding effects 
may also have contributed in the limited number of common genomic regions under 
selection. For instance, the PLAG1 locus was not detected within the top 0.1% CSS in 
either breed. The confounding effects of reference panel composition were more 
pronounced for Angus, because most of breeds in the reference panel were also beef 
purpose (discussed below). Furthermore, comparison of significant CSS regions of Angus 
and Holstein with their meta-assemblies (Chapter 2) shows that the breed-specific regions 
of Angus have limited consensus. The unique and shared genomic regions of both breeds 
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contain some of the known gene regions associated with various traits in cattle and other 
mammalian species. In addition, there are several novel regions detected for both breeds in 
this study. Those putative regions (along with previously uncharacterized signatures of 
selection) require further investigations to infer the biological functions of underlying 
genes. Although Angus and Holstein are beef and dairy breeds respectively, the breed-
specific regions are expected to contain the genes associated with multiple traits because 
selection has been targeting specialized and breed-specific traits in both breeds. Notably, 
most of the regions harbour genes, with variable gene density (Figure 6.6), and the high-
density gene regions can make it difficult to predict the underlying functional mutation. 
In Angus, Region A43 harbours multiple genes related to coat colour (ASIP, described in 
Chapter 5) and growth traits (C20orf44, GDF5). Region A43 was also detected by using 
the 50K SNP dataset and in beef breeds including Angus, Chianina, Shorthorn, Lincoln 
Red and Santa Gertrudis (Chapter 5). Multiple variants in C20orf44 (AKA: UQCC) and 
GDF5 genes (Region A43) have been identified for strong association with human height 
and spine bone variation (Sanna et al. 2008; Soranzo et al. 2009; Sovio et al. 2009; Zhao et 
al. 2010; Deng et al. 2013). In mammalian species, C20orf44 functions by interacting with 
several other genes in the growth gene network to initiate and promote skeletal growth and 
morphogenesis. The bovine C20orf44 has also high similarity with human C20orf44 and its 
genetic variants were found to be associated with body measurement traits in several 
Chinese cattle breeds (Liu et al. 2010). GDF5 has been identified for its role in bone 
growth and several mutations in this gene have shown association with skeletal 
development disorders in human. Moreover, in European and East Asian human 
populations the GDF5 locus has also been localized for strong signatures of recent 
selection (Voight et al. 2006). This suggests that this locus (Region A43) may have an 
important role in growth and body size of beef cattle given that most of the functional 
genes in mammalian species exhibit high sequence homology and hotspots of positive 
selection (Enard et al. 2010). 
In Holstein, some of the important regions detected in Holstein include those containing 
important genes such as H10 (ABCG2, and downstream NCAPG-LCORL), H11 (PDGFRA 
and KIT), H12 (downstream MGAT1), H13 (upstream SAR1B and downstream SPOCK1), 
H33 (AGTRAP), H41 (SIGLEC family), H43 (GHR) and H53 (CENPN, SCD, FGF8). 
Selective pressures on these genes may vary depending upon their functional importance 
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in cattle. Overall, the identified signatures of selection show that selective forces operated 
on genetic architecture controlling the physiological and anatomical structure of mammary 
glands, and quantity and quality of various milk components. ABCG2 has been found to be 
involved in milk yield and composition (Cohen-Zinder et al. 2005; Olsen et al. 2007; 
Lillehammer et al. 2008; Braunschweig 2010) and a differential expression found it to be a 
lactation regulator (Sheehy et al. 2009). On the other hand, ABCG2 locus has been found 
for co-selection for stature associated NCAPG-LCORL genes (Chapter 4) and Holstein is 
considered a larger breed. GHR (Banos et al. 2008; Flori et al. 2009; Rothammer et al. 
2013) is also strong a candidate gene with major effect on milk yield and composition and 
linked by many QTLs and strong selection signatures in multiple cattle breeds (Khatkar et 
al. 2004; Khatkar et al. 2014). Additional genes underlying CSS selective sweeps in this 
study, such as SAR1B (Larkin et al. 2012) AGTRAP (Stella et al. 2010) and KIF1B (Flori 
et al. 2009) are involved in the functioning of mammary glands, milk production and 
disease resistance in high producing dairy cows. The non-dairy genes include the KIT for 
white-spotting coat colour (Chapter 5). Moreover, PDGFRA and KDR (Flori et al. 2009; 
Gautier and Naves 2011; Pintus et al. 2013; Randhawa et al. 2014), MGAT1 (Qanbari et al. 
2011), SPOCK1 (Gibbs et al. 2009; Porto-Neto et al. 2013) and SIGLEC genes (Qanbari et 
al. 2011; Khatkar et al. 2014) have been implicated with reproduction traits, due to their 
role in fertilization and subsequent embryonic development and growth.  
6.4.3 Evaluation of factors affecting detection of selection signatures 
This study compared the detection of signatures of selection by using low (50K SNP 
dataset) and ultra-high (1.6M SNP dataset) and investigated the effect of SNP density, 
allele phases and reference panels. Results suggest that combining constituent selection 
tests in the CSS method has high power to detect signatures of selection independent of 
known allelic phases. Moreover, using constituent test ΔSAF (replacing ΔDAF) along 
with FST and XP-EHH, can detect genomic regions enriched by the high frequency of 
ancestral alleles in addition to those regions harbouring high frequency derived alleles 
detected by ΔDAF. Nevertheless, because the SNP ranks change with allelic phasing, use 
of an arbitrary outlier approach to declare significant SNPs was found sensitive for CSS. 
Furthermore, the use of contrasting populations having phenotypic diversity due to recent 
selection increased power to find diverging genomic regions between dairy and non-dairy 
breeds, which discovered several new regions of dairy importance across the bovine 
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genome (MacEachern et al. 2009; Qanbari et al. 2011; Hosokawa et al. 2012; Rothammer 
et al. 2013; Utsunomiya et al. 2013). Multi-breed grouping is expected to neutralize the 
breed-specific and demographic effects on the genomic patterns of genetic variation due to 
the historic selection events of individual breeds. In general, the shared and contrasting 
phenotypic combinations in multi-breed panels can generate unique patterns of SNPs and 
haplotypes in the genome. Various tests of selection implemented across populations 
detect those genomic regions where the two populations contain significantly different 
patterns of allelic (FST, ΔDAF, ΔSAF) and haplotypic (XP-EHH) diversity. However, if 
the two populations harbour strong selective sweeps within the same genomic regions 
(e.g., KIT gene region in Angus and Holstein) relying on similar patterns of genetic 
diversity, the across population tests would not be applicable. This study provides an 
evaluation of this afore said phenomenon by using three different compositions of 
reference panel. CSS analyses suggest that combining multiple breeds (preferably, each 
with equal representation) in the reference panel is more appropriate as a reference panel. 
However, the significant CSS regions in Angus show that including breeds with similar 
production history in the reference panel can limit the power of CSS analyses. 
Lack of consistency for Angus results between this study and Ramey et al. (2013) can be 
largely explained on the basis of differences in selection tests, density and distribution of 
SNPs, significance thresholds and composition of reference panel. Briefly, contiguously 
low MAF and CSS tests are computed using within and across population datasets, 
respectively. Moreover, the former detects selection on loci segregating with an MAF 
between 0 and 0.01, whereas, the latter used a quality control (QC) procedure to exclude 
those SNPs with an MAF < 0.01. Therefore, some variation in the results can be expected 
due to the difference in type and power of these selection tests. Furthermore, removal of 
~1.0 million SNPs (due to QC) from the data of the previous study resulted in variable 
distribution of SNPs across the genome. Specifically, removing SNPs with MAF < 0.01 
also eliminated or reduced the unique patterns of genetic polymorphism at the regions 
approaching complete sweeps. Hence, most of those 29 selective sweep regions were not 
detected in the top 0.1% CSS. 
Comparing Angus results across two investigations also suggests that the composition of 
the reference panel might be a major cause for lack of consistency. It was noted above that 
62.5% of selective sweep regions, which were previously found to be unique in Angus by 
Ramey et al. (2013), exist in the top 1% of CSS. On the other hand, only ~31% of 
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selective sweep regions common between Angus, Hanwoo, Simmental and Wagyu exist in 
the top 1% of CSS. This significant reduction can be explained in that under the CSS 
analysis for Angus, the reference panel contained 58% (26 out of 45) DNA samples from 
those three breeds (Hanwoo, Simmental and Wagyu). Overall, ~78% (35 out of 45) of the 
DNA samples in the reference panel against Angus comprised of beef breeds (except for 
10 Holstein samples). Therefore, some beef-associated regions under selection across 
these breeds were not detected within the top 0.1% of CSS for Angus and low 
concordance between CSS and MSS (> 3) was observed. As has been noted, if a region is 
under selection in both the candidate and reference populations, it is very unlikely to 
detect that region using the across-population tests of selection. Therefore, composition of 
the reference panel is an important factor to consider in the genome-wide scans of 
selection. Additional approaches to account for breed relationships and population 
structure within the reference panels are warranted for future work. Similarly, the effects 
of LD and CSS composition (constituent tests) on the optimal number of SNPs and sliding 
window size are deemed necessary to be investigated. Overall, the insights from 
evaluation and discovery datasets will help adjust several of those confounding factors to 
find trait and breed-specific genomic regions under selection. 
6.5 Conclusion  
This study demonstrated that occurrence of high validation for the significant regions 
detected in low into 45-fold ultra-high density genotypes also suggests that CSS has a very 
low false-positive rate of detecting signatures of selection. Overall, 11 to 14 fold more 
significant CSS regions were detected in Angus (4 vs 57) and Holstein (5 vs 55) by the 
ultra-high-density genotype dataset as compared to 50K SNP dataset. Genomic regions 
under selection in both breeds were found harbouring genes for several important traits, 
such as coat colour, growth and stature, reproduction and dairy production. This study also 
evaluated that the CSS method is efficient in detecting signatures of selection in the 
absence of ancestral and derived allele phases of the SNP data. Furthermore, reference 
panel composition in across-population tests of selection requires deliberate mixture of 
multiple breeds with equal representation. Moreover, further research is required to 
establish an appropriate approach to define significance threshold for CSS analyses instead 
of the arbitrary outlier approach. The confounding effects highlighted in this study should 
be considered in future research on detecting signatures of selection in livestock species.
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6.6 Appendix of Chapter 6 
(The following figures are provided in appendix: pages 399 to 400) 
6.6.1 List of supplementary figures 
 
Figure S6.1: Manhattan plots showing genome-wide comparison of using different 
compositions of reference panels against Angus using the 1.6M SNP dataset. In each plot, 
smooth CSS are shown on 29 chromosomes. Horizontal dashed (red) and dotted (blue) 
lines show genome-wide thresholds of top 0.1% and 1.0%, respectively. 
Top row: Angus compared against a multi-breed panel by including balancing (n ≤ 10) 
samples from each reference breed. 
Middle row: Angus compared against multi-breed panel by including maximum (all) 
samples from reference breed. 
Bottom row:  Angus compared against Holstein. 
 
 
Figure S6.2:* Manhattan plots showing genome-wide comparison of using different 
compositions of reference panels against Holstein using the 1.6M SNP dataset. In each 
plot, smooth CSS are shown on 29 chromosomes. Horizontal dashed (red) and dotted 
(blue) lines show genome-wide thresholds of top 0.1% and 1.0%, respectively. 
Top row: Holstein compared against a multi-breed panel by including balancing (n ≤ 10) 
samples from each reference breed. 
Middle row: Holstein compared against multi-breed panel by including maximum (all) 
samples from reference breed. 
Bottom row:  Holstein compared against Angus. 
 
* Chromosome 6 of Figure S6.2 is shown in Figure 6.3 to highlight the effect of 
reference panel compositions on three loci. 
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Chapter 7 
General Discussion 
 
7.1 Context of this thesis 
In cattle, domestication events initiated artificial selection from around 10,000 years ago, 
which accelerated phenotypic variation among worldwide populations, resulting in almost 
1,000 known breeds. Positive selection favours the functional mutations that affect the 
fitness of individuals. Moreover, recent and strong selection events resulted in a decrease or 
elimination of genetic polymorphism at the flanking nucleotides of a beneficial mutation, 
and an increase in homozygosity. Signatures of selection are characterized by patterns of 
genomic variation around favourable mutations for a given trait that can be detected 
statistically from that expected purely by chance. Advances in molecular and computational 
genetics have led to many studies exploring post-domestication signatures for adaptation, 
appearance and production traits in the cattle genome. From the literature, it was apparent 
that many methods have been applied to detect signatures of selection, and each were 
limiting in their capacity to un-ambiguously confirm selection events. Furthermore varying 
strategies for using reference baselines or breed panels combined with sample size 
variability and heterogeneity in the SNP panel has contributed to many selection signature 
events not being confirmed or left unexplored. Finally, out of the 1,000 known cattle breeds 
only a small percentage (typically <10%) have contributed to the global datasets and there 
remains a paucity on investigations of some of the less common and less commercial or rare 
breeds. Addressing these limitations has formed much of the impetus for this study. 
This thesis has focused on developing novel approaches by investigating available results 
and resources to understand historical selection in cattle breeds. Overall, the research in this 
thesis has been conducted using data on: 1) published signatures of selection, 2) public 
domain 50K SNP genotype data from Decker et al. (2009); Gautier et al. (2010); McTavish 
and Hillis (2014), 3) 50K SNP genotypes generated on independent DNA samples, and 4) 
ultra-high-density (>3 million) SNP genotypes generated and also acquired from Ramey et 
al. (2013). These datasets were analysed by developing two novel methods, namely meta-
selection signal (MSS) and composite selection signal (CSS).  
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The novel MSS method was developed to analyse published signatures of selection and to 
construct genome-wide meta-assembly maps of selection signatures for breeds and breeds 
groups (Chapter 2). The novel CSS method was developed to analyse genome-wide SNPs 
and validated by detecting signatures of selection for several monogenic traits including 
polledness and double muscling in cattle and sheep (Chapter 3). The CSS was further 
validated on a complex trait of bovine stature (Chapter 4). For phenotypic validation of 
bovine stature, the information about breed-specific wither height were acquired from FAO 
(DAD-IS 2014) and height-associated human orthologous genes from human GWAS 
studies. Further, signatures of selection were detected in 60 worldwide breeds of cattle 
using 50K genotypes on 28 novel breeds not previously genotyped (Chapter 5). Finally, 
significant regions of selection were validated in two of the major commercial breeds used 
in the world, namely Angus and Holstein, using ultra-high-density SNP data (Chapter 6). 
Several additional approaches of combining multiple breeds into trait-specific and 
heterogeneous breed reference panels were also implemented in this thesis to investigate the 
historical selection in cattle. The specific achievements of this thesis are discussed below 
from each chapter.  
7.2 Meta-assembly of selection signatures in cattle 
Published results from 38 genome-wide selection scans on various breeds were collected to 
construct a meta-assembly of signatures of selection within breeds and breed-type groups 
(Chapter 2). This provided an opportunity to compare the effects of selection within and 
across breeds. In addition, published information show that some breed samples have been 
investigated repeatedly with various tests of selection in multiple studies. Construction of 
the meta-assembly was challenging, given the complexity of published investigations on 
selection signatures; such as, heterogeneity of statistical approaches, common usage of 
DNA samples, across study variation in the sample sizes, SNP chip assay and SNP density, 
post-analyses transformation of result (smoothing, clustering etc.), lack of the magnitude of 
individual selection scores and provision of full or partial lists of significant regions. 
Several critical measures were adopted to limit potential bias; however, it was not possible 
to account for all of the above-mentioned factors using available information. The novel 
approach of computing MSS accounts for the common usage of DNA samples and variable 
significance thresholds across investigations.  
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The magnitude of MSS depends upon the number of studies reporting congruent signatures 
of selection within the span of sliding windows. The European breeds have been extensively 
investigated for signatures of selection. Construction of the meta-assembly for the combined 
group of all the reported European breeds showed interesting distribution of published 
signatures of selection. Dividing the bovine genome into 1 Mb non-overlapping sliding 
windows indicated that above 90% of the windows contain at least one signature of 
selection. Moreover, the maximum gap between the consecutive signatures of selection was 
4.47 Mb. This suggest that signatures of selection have been detected almost everywhere on 
the bovine genome of European breeds.  
A few regions of the European cattle harbour very strong signatures of selection, so called 
“classic” signatures (Kemper et al. 2014). These signatures can be linked to several traits 
that have been under strong selection in multiple breeds. Otherwise, there was limited 
evidence of validated (as true positive) signatures across multiple studies. For example, lack 
of consistency across multiple studies for the same breeds showed that out of 24 breeds, 
each investigated in more than one study, only 15 breeds were found having any signature 
of selection validated within 2.5 Mb surroundings. Furthermore, within these 15 breeds, 
validation of signatures of selection was also limited across multiple studies. For instance, 
Holstein, which has faced intense selective pressure and has the maximum number of 
published signatures of selection from 17 studies, only 25% of the signatures of selection 
were validated in two or more studies (using a broad span of 5 Mb). Other breeds have 
validation rates lower than those seen in Holstein.  
This lack of consistency across multiple studies mainly arises from the use of different tests 
of selection, datasets (SNP density), significance thresholds and breed comparisons. This 
thesis has extended research to account for some of these challenges by development of a 
novel CSS method through combining multiple tests of selection, investigated breed 
comparisons using multi-breed panels and investigated the validation of low to ultra-high 
density SNP datasets. 
On the other hand, the African and Zebu breeds have not been investigated as extensively as 
European breeds. Given the limited investigations, ascertainment bias and introgression of 
European taurine into African and Zebu breeds resulted in lack of Zebu and African specific 
selection signatures. Hence, additional breeds from African and Zebu origin were 
investigated to understand the historical selection pressures within each archetype.  
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The meta-assembly approach can be widely used where conventional meta-analysis 
methods may not be applicable given that raw phenotype and genotype data from each 
individual study were often not readily available. The MSS is therefore a very efficient 
means to compile outputs from individual studies in what is now the most comprehensive 
analysis of selection signatures in cattle. Moreover, the novel MSS method can be 
potentially improved in future research by incorporating additional parameters to account 
for variable sample sizes and correlation between the tests of selection used across studies. 
7.3 Composite selection signals (CSS) 
A novel method (CSS) of detecting signatures was developed by combining evidence from 
multiple tests of selection (Chapter 3). The CSS test combines multiple pieces of evidence 
from the rank distribution of different selection tests in a weighted index of signatures of 
selection (Randhawa et al. 2014). In addition, identification of trait-specific signatures of 
selection can be identified by combining phenotypically-alike breeds and comparing such 
multi-breed groups for the contrasting phenotypes (Barendse et al. 2009; Stella et al. 2010; 
Kemper and Goddard 2012). Validation of CSS using monogenic traits and geographically 
isolated cattle archetypes showed that CSS is a robust approach (Chapter 3). Combining 
various tests of selection into a composite score is an efficient approach to reduce false 
positive signatures, and align results at regions of high concordance (Grossman et al. 2010). 
Moreover, our method is flexible when compared to recently developed approaches 
(Grossman et al. 2010; Utsunomiya et al. 2013), because CSS does not depend on the 
distributional assumptions of the constituent tests. The CSS is computationally efficient and 
is flexible to incorporate additional tests of selection.  
Many available tests can detect the genomic regions under selection by using allele and 
haplotype distributions (Hurst 2009; Hohenlohe et al. 2010). However, lack of consistency 
among the detected regions by various tests of selection using the common datasets shows 
varying levels of statistical power of each test under various assumptions of neutrality 
(Crisci et al. 2012; Fan et al. 2014). Thus, choice of additional tests to incorporate in CSS 
warrants caution. For instance, use of multiple tests of selection with high correlation may 
over-represent genomic regions harbouring a certain type of genetic polymorphism. Hence, 
further research to improve the CSS method may focus on incorporating additional 
parameters to account for the correlation between the constituent tests of selection. For 
instance, using multivariate technique (principle component analyses, machine learning 
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techniques) could in principal allow to improve CSS by appropriate weighting of the 
individual statistics to account for their correlation. In addition, the CSS has been 
implemented using an arbitrary significance threshold approach, also termed the outlier 
approach. These outlier approaches can be confounded by the non-selective forces such as 
demography and recombination rate (O'Reilly et al. 2008; Vitti et al. 2013), and often limit 
the detection of genomic regions undergoing mild selective pressure (Novembre and Di 
Rienzo 2009). Hence, further research is also needed to establish simplistic but robust 
approaches to define significance thresholds for the CSS method, and empirical modelling 
and permutation may solve these problems in part. However, the use of a combined statistic 
outweighs the interpretation of isolated results from many individual tests, and may form a 
basis for ongoing meta-assemblies across studies. 
7.4 Using CSS for complex traits 
Next, the CSS method was evaluated for its utility of detecting signatures of selection for 
polygenic complex traits by using cohorts of European and African Bos taurus breeds and 
breed-wise trait averages (Chapter 4). Wither height data were collected from several 
countries by FAO (DAD-IS 2014) and served as a proxy to capture an overview of the 
stature of worldwide breeds. It was noticed that, in general, the classification of breeds was 
consistent with many subjective and objective descriptions of breed characterization data 
elsewhere. The breed classification provided an opportunity to combine phenotypically 
alike breeds and multi-breed cohorts for comparing contrasting phenotypes (Barendse et al. 
2009; Stella et al. 2010; Kemper and Goddard 2012). The expectation of combining 
multiple breeds of apparently similar phenotypes was to boost the genotypic and haplotypic 
frequencies at the candidate genomic regions that otherwise might not be detected in single 
breed analyses. It is noteworthy that the strategy of using multi-breed panels has been 
generally successful to locate trait-specific regions and conversely minimized the breed-
specific unique patterns of diversity in the SNP data. 
Without phenotypic records on individual animals, the CSS method provides a firsthand 
scan of the genome to detect putative regions associated with complex traits. The CSS 
method detected 12 (nine were novel) regions harbouring multiple stature-associated genes 
(compiled from human GWAS) in contrasting cohorts within European and African cattle. 
Overall, the magnitude of CSS, number of clustered significant SNPs and region size were 
higher in the European cohorts as compared to the African cohorts. These observations are 
Chapter 7 
156 
 
consistent with the expectation that African cattle have experienced relatively less selection, 
especially for the production traits as compared to selection for adaptation (Gautier et al. 
2009; Edea et al. 2014). Therefore, African breeds are less likely to hold extended 
haplotypic homozygosity and combining genotypic data in the phenotypic cohorts would 
further shrink haplotypic lengths and lower signals of selection. Additionally, the MAF and 
DAF distribution in Chapter 2 shows that the 50K SNPchip has suffered from ascertainment 
bias for African breeds.  
There are several challenges related to the use of multi-breed panels and trait definition for 
breeds and cohorts. In the trait-centric scans for signatures of selection, using variable 
numbers of breeds and sample size in the comparative analyses can bias the overall 
comparisons (Lettre 2011) and smaller sample sizes can lead to underpowered analyses. 
Moreover, the classification of breeds can be confounded with other traits, because breeds 
have been historically selected for multiple traits. Several of the functional mutations of 
those traits are co-segregating along with their neighbouring patterns of genetic diversity 
that were found shared in multiple breeds of cattle (Chapter 2). Therefore, future research 
should validate the detected regions in independent datasets and additional tools are 
required for subsequent fine mapping (e.g., GWAS) and functional analyses. However, such 
studies require extensive resources and are relatively expensive, whereas the CSS method is 
efficient and cost effective as a first pass. 
7.5 Signatures of selection in worldwide cattle breeds 
Using pairwise tests to detect signatures of selection in larger sets of breeds is 
computationally inefficient. Several preliminary analyses provided evidence that breed-
specific signatures of selection can be efficiently detected by CSS by comparing each breed 
against a reference panel comprising samples of multiple breeds (Chapter 5). In addition, 
using high (> 60) and low (10) numbers of animals from independent breed-populations 
shows that the CSS method has power to detect signatures of selection in cattle breeds with 
the lower bounds of samples commonly used (i.e. 10) when 50K SNP genotypes are used. 
Hence, an assembly of adding additional breeds was thought to be more informative in 
global analyses of selection signatures as opposed to collecting more animals from the same 
breed to increase sample size. 
The genomic regions under selection in 60 worldwide breeds of cattle included 32 breeds, 
which were not previously investigated and provided evidence that worldwide cattle show 
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consistent signatures at 50 regions in the genome. These results were consistent with 
previous distribution of genome-wide signature of selection assembled through the meta-
assembly (Chapter 2), which suggested that many common genes have been under selection 
in multiple cattle breeds. The results from several breeds with low sample size may require 
further validation by using additional samples considering their effective population size 
(Ne) to improve accuracy. In addition, future research by using high-density genotypic data 
and subsequent functional and gene-network analyses will provide insights about the role of 
uncharacterized regions in each breed. Particular emphasis is required on African and Zebu 
breeds to detect their lineage-specific selected regions and underlying candidate genes.  
7.6 Validation of CSS in Angus and Holstein using an ultra-high density SNP panel  
Finally, this study used ultra-high-density SNP genotypes from the bovine pre-screening 
assay of AFFXB1P (Affymetrix, Santa Clara, CA). Combining the new data with existing 
data reported by Ramey et al. (2013), which was generated on the same genotyping assay, 
provided an opportunity to validate significant CSS regions detected by comparing with a 
very low-density 50K SNP panel in Angus and Holstein (Chapter 6). The high power and 
very low false-discovery rate of CSS is evident by the high validation rate for the significant 
regions in the two breeds (i.e., four out of four in Angus and four out of five in Holstein). 
Moreover, the detection rate for significant genomic regions under selection increased by 14 
and 11 fold for Angus (n = 57) and Holstein (n = 55) by using ultra-high-density 1.6 million 
genotypes. This suggests that the 50K genotyping panel has limited power to detect 
historical signatures of selection. 
Overall, the breed-specific signatures of selection in Angus and Holstein detected several 
previously known and novel regions. Use of additional tools, such as gene-networks (Flori 
et al. 2009; Utsunomiya et al. 2013) and complementary GWAS (Schwarzenbacher et al. 
2012) analyses can improve the understanding of genetic mechanism in highly producing 
beef and dairy cows. 
However, the Angus analyses were confounded due to the usage of several beef breeds in 
the reference panel. Phenotypically similar populations are shaped by the same causal 
variants in analogous genes (Pickrell et al. 2009; Stella et al. 2010; Kijas et al. 2012). To 
maximize the detection of breed-specific signatures of selection at candidate genomic 
regions, a multi-breed panel based on heterogeneous phenotypes can generate genome-wide 
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neutral patterns of allele frequencies and haplotypes should be used. The confounding 
effects of reference panels can be controlled by sharing high-density SNP genotypes by 
worldwide research groups to establish a global database of breed reference panels. In 
addition, future research is needed to investigate various computational approaches, such as 
permutation of genotypes to generate a set of neutral genomes to use as reference panel. 
7.7 Directions for future research 
Further research is required to deal with current challenges in genome-wide selection scans 
and investigate new aspects of genomic structure to understand functional relevance of 
constrained alleles targeted in historical selective events in cattle. Recent investigations of 
the structural variation in the cattle genome suggest that selective forces, in addition to the 
genotypic and haplotypic patterns, operate on copy number variation (CNV) in candidate 
genes and can be helpful to characterize the effects of domestication, breed formation and 
artificial selection (Fadista et al. 2010; Liu et al. 2010; Hou et al. 2011; Choi et al. 2014). 
Hence, exploration of additional genomic features, such as CNV as alternative targets of 
selection, can further help elucidate the prevalence of selection in the cattle genome (Kelley 
and Swanson 2008; Porto-Neto et al. 2013; Vitti et al. 2013; Choi et al. 2014; Perez OBrien 
et al. 2014).  
Utility of the several current datasets can be further extended by combining them (Nicolazzi 
et al. 2014). In addition, imputation from lower to higher density SNP panels can be 
performed by using several approaches (Browning and Browning 2009; Daetwyler et al. 
2011; Khatkar et al. 2012). Availability of ancestral and derived allele phases for high-
density genotyping panels (Rocha et al. 2014) will also allow researchers to implement 
additional tests of selection, which can be incorporated in CSS. More recently, with the 
advent of genome sequencing and ultra-high density SNP panels available at affordable 
cost, these will provide potential sources to perform extensive scans for genome-wide 
selection signatures (Lee et al. 2013; Liao et al. 2013; Daetwyler et al. 2014; Qanbari et al. 
2014) and collection of these data will be useful for across breed investigations.  
Finally, the limit of phenotypes recorded with each of the 1,000 breeds restricts trait specific 
investigation. An ongoing need for high-resolution phenotyping across global breeds 
remains a priority not only for studies on genetic diversity and conservation, but also to help 
our understanding of phenotype-genome relationships in the bovine genome. 
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Table S2.1: A summary of published studies using different polymorphism panels and partial scans on Bovine selection signatures. 
Study SNPs (assay) Genome assembly 
Breeds 
(samples) 
Selection 
Tests1 General findings 
(Freeman et al. 2008) Sequencing (6 genes) Btau3.1 16 (39) 
Tajima's D, Fu 
& Li's D, Fu & 
Li's F, Fu's FS, 
Fay & Wu's H 
Immunity 
(Hayes et al. 2008) 403 (BTA-6) Btau3.1 1 (716) iHS, dN/dS Milk production  
(Prasad et al. 2008) BTA-19, BTA-29 Btau3.1 2 EHH, RAAF Beef and dairy production 
(Dayo et al. 2009) 92 Microsatellites Btau3.1 14 (509) Microsatellites Trypanotolerance resistance (adaptation) 
(Liu et al. 2009) 
6,769 SNPs (10K) 
294 Microsatellites and 
3 Haplotypes 
Btau3.1 1 (800) QTL mapping, association Pigmentation 
(MacEachern et al. 
2009b) 9,323 (10K) Btau3.1 11 (3) dN/dS, MKT Gene evolution 
(Wiener and Gutierrez-
Gil 2009) 
16 SNPs, 
16 Microsatellites (BTA-2) Btau4.0 12 (571) EHH, LD Double Muscling 
(Li et al. 2010) 51 Microsatellites Btau4.0 10 (366) FST, Ewens-Watterson 
Polled and horned, Milk yield, 
Body composition 
 
1The list of selection tests used in these studies is provided on next page. Other selection tests are described in Table 2. 
 
Appendix of Chapter 2 
Description of selection tests: 
Test Description Reference 
Tajima's D Tajima's D: Distinguish between randomly and non-randomly evolving DNA sequences (Tajima 1989). (Freeman et al. 2008) 
Fu & Li's D;  
Fu & Li's F 
Fu & Li's D test and Fu & Li's F test: These tests detect background selection based 
on coalescent by using genetic polymorphism from within and out-group species (Fu 
and Li 1993).  
(Freeman et al. 2008) 
Fu's FS Fu's FS test: Detects population growth and genetic hitchhiking (Fu 1997). (Freeman et al. 2008) 
RAAF 
Rolling Average Allele Frequency: The frequency of the allele with the lowest 
frequency averaged over two participating breeds/populations, specifically using a (n=5) 
multi-loci sliding window for each chromosomes and for each pair of averages; the 
mean of first population allele frequency are subtracted from that for second population 
to get the mean allele frequency differences at the central locus. 
Prasad et al. (2008) 
dN/dS 
dN/dS Ratio: Ratio of the rate of non-synonymous substitutions (dN) to the rate of 
synonymous substitutions (dS), which can be used as an indicator of selective pressure 
acting on a protein-coding gene (Nei and Gojobori 1986; Hughes and Nei 1988; Yang 
and Nielsen 2000). 
(Hayes et al. 2008; MacEachern et 
al. 2009b) 
MKT 
McDonald-Kreitman Test: Estimate the proportion of substitutions that are due to 
adaptive evolution using the numbers of silent and non-silent polymorphisms and 
substitutions (McDonald and Kreitman 1991). 
(MacEachern et al. 2009b) 
Ewens-
Watterson 
Ewens-Watterson test: Detects positive selection from the estimates of population 
mutation rate. (Li et al. 2010) 
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Table S2.2: Breed-wise data information about breed type, land of breed origin, country of sampling, DNA samples, SNPchip, SNPs, bovine assembly 
and selection tests for each published study. Breeds shown in bold have been used across multiple studies. 
Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Abondance ABD  European    France France 22 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Anatolian Black ANB European   Turkey Germany 43 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Angus ANG  European  Scotland   
Australia 2510 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 379 10K 9,323 Btau 3.1 iHS, AFD Hayes et al. 2009 
Australia 379 10K 9,323 Btau 3.1 H, DAFS MacEachern et al. 2009 
Australia 232 50K 44,938 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 42 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 41 10K 8,859 Btau 4.0 FST Barendse et al. 2009 
Austria 31 800K 575,082 UMD 3.1 VarLD Perez Obrien et al. 2014 
Canada 103 50K 40,595 Btau 4.0 FST, iHS Qanbari et al. 2011 
New Zealand and USA 81 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
New Zealand and USA 44 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
New Zealand and USA 44 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
New Zealand and USA 42 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
New Zealand and USA 27 BHMC 7298 Btau 4.0 FST Barendse et al. 2009 
New Zealand and USA 27 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
New Zealand and USA 27 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
New Zealand and USA 24 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
New Zealand and USA 24 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
New Zealand and USA 24 800K 281,994 UMD 3.1 Meta-SS Utsunomiya et al. 2013 
Scotland 2918 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Scotland 23 AFFXB1P 2,575,339 UMD 3.1 Low MAF Ramey et al. 2013 
Angus-Hereford-Limousin AHL  European   -  USA (Parallele) 42 10K 9,323 Btau 3.1 iHS, AFD Hayes et al. 2009 
Arsi, Ambo and Horro AAH  African  Ethiopia Ethiopia 21 50K 29,736 UMD 3.1 FST Edea et al. 2014 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Aubrac AUB European  France 
France 22 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
France 22 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
France 20 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Australian Friesian Sahiwal AFS Composite Australia Australia 5 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australian Red AUR European  Australia 
Australia 54 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 7 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Baoule BOL African Burkina  Faso 
Burkina  Faso 29 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Burkina Faso 29 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Burkina Faso 29 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Burkina Faso 29 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Beefmaster BFM  Composite USA 
USA 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Belgian Blue  
(Blanc-Bleu Belge) BLB European Belgium 
USA 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Belgium 275 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
BHMC 52 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
Germany 31 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Belmont Red BLR European Australia 
Australia 166 50K 47,416 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 30 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 24 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Belted Galloway BLG  European  Scotland UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Blonde dAquitaine BAQ  European  France 
France 30 50K 35,554 UMD 3.1 HMM-SFS Boitard and Rocha 2013 
 USA 5 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Borana and Danakil BAD  African  Ethiopia Ethiopia 26 50K 29,736 UMD 3.1 FST Edea et al. 2014 
Borgou (Ketuku) BGU  African  Benin 
Benin 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Benin 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Benin 30 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Parakou (Benin) 45 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Brahman BRM Zebu India 
Australia 80 50K 45,173 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 70 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 21 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia and USA 25 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
 Australia and USA 25 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Australia and USA 25 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Australia and USA 25 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Australia and USA 25 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Martinique 25 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
USA 99 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
USA 8 AFFXB1P 2,575,339 UMD 3.1 Low MAF Ramey et al. 2013 
Braunvieh and 
Original Braunvieh BNV European 
South Germany and 
Switzerland 
Germany 50 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Germany 35 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Switzerland 142 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Bretonne Black Pied BBP  European France France 18 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Brown Swiss BSW European Switzerland 
Australia 4 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 4 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Austria 287 50K 34,851 Btau 4.0 iHS and GWAS Schwarzenbacher et al. 2012 
Austria 79 800K 550,837 UMD 3.1 VarLD Perez Obrien et al. 2014 
Germany 277 50K 40,595 Btau 4.0 FST, iHS Qanbari et al. 2011 
Switzerland 74 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
USA 44 800K 281,994 UMD 3.1 Meta-SS Utsunomiya et al. 2013 
USA 24 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
USA 22 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
USA 41 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
USA 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Brown Swiss cross BSX European Crossbred Australia 5 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Brown Swiss Holstein BXH European Crossbred Australia 26 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Charolais CHL  European  France 
Australia 463 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
France 44 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
France 20 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
USA 37 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
USA 37 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
USA, UK 55 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
USA 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Chianina CHN  European Italy USA 8 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Creole CRL Composite  New World Guadeloupe Island 140 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Devon DEV  European  England UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Dexter DTR  European Ireland  UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Finnish Ayrshire FAR  European  Finland 
Finland 10 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Scotland 599 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Fleckvieh FKV  European  South Germany 
Germany 43 Sequencing 15,182,131 UMD 3.1 iHS, CLR Qanbari et al. 2014 
Germany 50 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
French Red Pied Lowland FRP  European  France France 22 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Galloway GAL European Scotland 
Germany 32 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Gascon GAS  European South West France 
France 22 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
France 22 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Franken Gelbvieh FGV European Central Germany Germany 50 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Gelbvieh GBV  European   Germany  USA 8 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Gir GIR  Zebu  India 
Austria 25 800K 466,953 UMD 3.1 VarLD Perez Obrien et al. 2014 
Brazil 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Brazil 24 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Brazil 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Brazil 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Brazil 14 Sequencing 9,990,733 UMD 3.1 ZHp Liao et al. 2013 
Brazil 50 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
Brazil 24 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Brazil 23 800K 281,994 UMD 3.1 Meta-SS Utsunomiya et al. 2013 
Guernsey GNS European Channel Islands 
Australia 4 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 4 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
USA and UK 21 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
USA and UK 21 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
USA and UK 21 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
USA and UK 21 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA and UK 21 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA and UK 21 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Guernsey Holstein GXH European Crossbred Australia 2 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Guzera GZR  Zebu  Brazil/India Brazil 25 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
Hanwoo HNW European Korea 
Korea 266 10K 8344/4522 Btau 3.1 iES Lim et al. 2013 
Korea 48 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Korea 12 Sequencing 15,125,420 UMD 3.1 SFS (CLR), LD Lee et al. 2013 
Korea 11 Sequencing 17,666,906 UMD 3.1 XP-EHH, XP-CLR Lee et al. 2014 
Korea 11 AFFXB1P 2,575,339 UMD 3.1 Low MAF Ramey et al. 2013 
NEW 217 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Hereford HFD European  England 
Australia 744 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 158 50K 45,322 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 34 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 28 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
New Zealand and USA 36 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
New Zealand and USA 35 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
New Zealand and USA 27 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
New Zealand and USA 27 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
New Zealand and USA 27 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
New Zealand and USA 21 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
New Zealand and USA 21 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
New Zealand and USA 55 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
New Zealand and USA 31 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
UK 812 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Jersey JER European  Channel Islands 
Australia 5240 800K 616,350 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 10 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 10 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
 France, New Zealand and USA 49 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Jersey 78 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
New Zealand and USA 39 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
New Zealand and USA 38 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
New Zealand and USA 28 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
New Zealand and USA 28 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
New Zealand and USA 28 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
New Zealand, USA and Australia 610 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
Jersey cross JRX European  Crossbred Australia 4 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Holstein HOL European Netherlands 
Australia 13501 800K 616,350 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 384 10K 9,323 Btau 3.1 iHS, AFD Hayes et al. 2009 
Australia 384 10K 9,323 Btau 3.1 H, DAFS Maceachern et al. 2009 
Australia 94 50K 52,150 Btau 4.0 AFD Larkin et al. 2012 
Australia 52 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 52 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
France 1578 50K 41,777 Btau 4.0 FST Flori et al. 2009 
France 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
France 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
 France, New Zealand and USA 80 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Germany 2091 50K 40,595 Btau 4.0 FST, iHS Qanbari et al. 2011 
Germany 810 50K 40,854 Btau 4.0 EHH, REHH Qanbari et al. 2010 
Israel 912 50K 41,812 Btau 4.0 REHH Glick et al. 2012 
Korea 10 Sequencing 17,666,906 UMD 3.1 XP-EHH, XP-CLR Lee et al. 2014 
Netherlands 995 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
New Zealand and USA 63 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
New Zealand and USA 60 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
New Zealand and USA 53 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
New Zealand and USA 53 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
New Zealand and USA 53 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
New Zealand and USA 748 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
USA 2087 50K 41,951 UMD 3.1 iHS Kim et al. 2013 
USA (Parallele) 19 10K 9,323 Btau 3.1 iHS, AFD Hayes et al. 2009 
China 2106 50K 40,130 Btau 4.0 EHH, REHH Pan et al. 2013 
Italy 861 50K 29,848 Btau 4.0 FST Mancini et al. 2014 
Japan 50 50K 40,635 Btau 4.0 SWAD Hosokawa et al. 2012 
Red Holstein HOL European North Germany Germany 50 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Holstein cross HOX European Crossbred Australia 3 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Holstein Jersey HXJ European Crossbred Australia 9 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Illawarra Shorthorn ILW European  Australia 
Australia 8 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 8 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Illyrian Mountain Buša IMB European Albania Germany 43 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Italian Brown ITB  European  Italy 
Italy 755 50K 29,848 Btau 4.0 FST Mancini et al. 2014 
Italy 749 50K 42,514 Btau4.0 FST Pintus et al. 2013 
Italian Pezzata Rossa IPR  European  Italy Italy 483 50K 29,848 Btau 4.0 FST Mancini et al. 2014 
Japanese Black JBL  European  Japan Japan 50 50K 40,635 Btau 4.0 SWAD Hosokawa et al. 2012 
Kerry KRY  European Ireland  UK 3 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Kuri KUR  African  Chad 
Chad 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Islands of Lake Chad around Bol 47 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Lagune LGU  African  Benin 
Benin 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Benin 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Benin 30 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Porto Novo district (Benin) 44 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Limousin LMS  European  France 
Australia 61 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
France 261 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
USA and France 50 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
USA and France 47 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
USA and France 35 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
USA and France 42 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA and France 42 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA and France 42 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
USA and France 25 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
USA and France 25 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Lincoln Red LNR  European UK   USA 9 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Longhorn LGH  European  England UK 3 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Maine-Anjou (Rouge-des-Pres) MAJ  European France USA 21 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Marchigiana MCG  European Italy 
Italy 381 50K 29,848 Btau 4.0 FST Mancini et al. 2014 
USA 5 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Montbeliarde MON  European Eastern France 
France 584 50K 41,777 Btau 4.0 FST Flori et al. 2009 
France 35 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
France 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
France 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Murnau-Werdenfelser MWF European South Germany Germany 46 50K 47,651 UMD 3.1 XP-EHH Rothammer et al. 2013 
Murray Grey MRG  European  Australia 
Australia 254 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 57 50K 41,369 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 20 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 14 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 27 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
USA 5 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
NDama NDM  African  West Africa 
Burkina Faso 14 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Burkina  Faso 25 50K 21,034 Btau 4.0 XP-EHH Noyes et al. 2011 
Burkina  Faso 25 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Burkina  Faso (South East) 14 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Burkina  Faso (South West) 17 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Burkina Faso (Samandeni herd) 17 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Burkina Faso, Guinea and Gambia 61 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Guinea 25 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Guinea 25 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Guinea 25 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Guinea 25 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Guinea 21 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
Normande NOR  European North West France 
France 641 50K 41,777 Btau 4.0 FST Flori et al. 2009 
France 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
France 30 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Nellore NLR  Zebu  India 
Austria 100 800K 448,407 UMD 3.1 VarLD Perez Obrien et al. 2014 
Brazil 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Brazil 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Brazil 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Brazil 21 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Brazil 91 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
Brazil 29 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
Brazil 21 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Brazil 45 800K 281,994 UMD 3.1 Meta-SS Utsunomiya et al. 2013 
Norwegian Red NWR  European  Norway 
Norway 17 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
Norway 25 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Norway 25 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Norway 25 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Norway 21 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Oulmes Zaer OLZ  African  Morocco 
Morocco 26 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Morocco 26 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Morocco 26 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
North of Morocco 40 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Parthenais (Maraichine) MAR  European North West France 
France 19 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
France 19 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Piedmontese PMT  European  Italy 
Canada 43 50K 40,595 Btau 4.0 FST, iHS Qanbari et al. 2011 
Italy 364 50K 42,514 Btau4.0 FST Pintus et al. 2013 
Italy 317 50K 29,848 Btau 4.0 FST Mancini et al. 2014 
Italy 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Italy 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Italy 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Italy and USA 26 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Italy 21 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Pinzgauer PNG  European Austria  USA 5 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Red Angus ANR  European  Scotland 
USA and Canada 11 800K 768,506 UMD 3.1 FST Porto-Neto et al. 2013 
USA and Canada 12 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA and Canada 12 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA and Canada 12 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
USA and Canada 15 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Red Poll RPL  European UK USA 5 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Romagnola RMG  European  Italy 
Italy 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Italy 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Italy 24 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Italy 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Italy 21 800K 725,293 UMD 3.1 HMM-SFS Druet et al. 2013 
Romosinuano RMS European New World Spanish New World Spanish 8 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Salers SAL  European  France 
 France 22 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
France 72 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
France 22 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
France and USA 27 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Santa  Gertrudis SGT Composite USA 
Australia 126 50K 46,809 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 28 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 24 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
Australia 24 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
USA 24 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
USA 24 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
USA 24 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
USA 24 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Scottish Highland SCH  European Scotland   UK  and USA 9 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Senepol SEN  Composite Caribbean Islands  Venezuela 147 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
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Breed name Code Breed type Land of Origin Country of sampling Samples SNPchip SNPs Assembly Selection tests References 
Sheko SKO  African  Ethiopia 
Africa 20 50K 21,034 Btau 4.0 XP-EHH Noyes et al. 2011 
Ethiopia 20 BHMC 32,470 Btau 4.0  FST Barendse et al. 2009 
Ethiopia 20 BHMC 37,470 Btau 3.1 FST, iHS, CLR Gibbs et al. 2009 
Ethiopia 20 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Ethiopia 20 BHMC 32,689 Btau 4.0 CLL Stella et al. 2010 
Shorthorn SHN  European  England 
Australia 868 800K 692,527 UMD 3.1  FST, iHS, HAPS Kemper et al. 2014 
Australia 81 50K 42,280 Btau 4.0 FST, iHS Qanbari et al. 2011 
Australia 54 800K 680,000 UMD 3.1 FST Porto-Neto et al. 2014 
Australia 27 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
Australia 18 10K 7,956 Btau 4.0 FST, EHH Chan et al. 2010 
UK 108 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
USA 10 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Simmental SIM  European  Switzerland 
China 942 50K 39,094 UMD 3.1 EHH Fan et al. 2014 
Germany 462 50K 37,976; 40,595 Btau 4.0 FST, iHS Qanbari et al. 2011 
Switzerland 123 50K 52,942 UMD 3.1 Low MAF Ramey et al. 2013 
Switzerland 6 AFFXB1P 2,575,339 UMD 3.1 Low MAF Ramey et al. 2013 
 USA 10 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Somba SMB  African  Togo 
Nadoba and Boukoumbe (Benin) 44 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Togo 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Togo 30 50K 44,057 Btau 4.0 FST, iHS Gautier and Naves 2011 
Togo 30 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
South Devon SDV  European  England UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Sussex SSX  European  England UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Tarine (Tarentaise) TRN  European France France and USA 23 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Texas Longhorn TLH European New World Spanish New World Spanish 10 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Vosgienne (Vosges) VSG  European  France France 19 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Wagyu WAG  European  Japan Japan 10 AFFXB1P 2,575,339 UMD 3.1 Low MAF Ramey et al. 2013 
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Welsh Black WLB  European  England UK 2 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
White Fulani Zebu /Suanese WFZ  African  Benin Malanville (Benin) 43 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
White Park WPK  European  England UK 4 50K 38,610 UMD 3.1 CSS Randhawa et al. 2014 
Zebu Choa ZCO  African  Chad Bol (Chad) 59 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Zebu Madagascar ZMG  African  Madagascar 
Madagascar 30 50K 47,365 UMD 3.1 iHS, Rsb Flori et al. 2012 
Madagascar Island 35 50K 35,320 Btau 4.0 BF Gautier et al. 2009 
Repeats / crossbred XXX European Many breeds Australia 10 10K 8,859 Btau 4.0  FST Barendse et al. 2009 
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Table S2.3: List of cattle breeds categorized for the number of available results from 
genome-wide scans of selection signatures across different studies. The results for the breeds 
are available for individual breed-wise and group-wise (multiple breeds results combined). Some of 
the breed were used in the reference panel only. 
No. Breed Name Breed-wise results 
Group-wise 
results 
Used as 
reference only 
Total 
Studies 
1  Holstein 17 7 3 27 
2  Angus 10 7 2 19 
3  Brown Swiss 8 5 0 13 
4  Hereford 6 6 2 14 
5  Jersey 5 6 0 11 
6  Limousin 5 3 2 10 
7  Charolais 5 2 2 9 
8  Gir 5 2 2 9 
9  Nellore 5 2 2 9 
10  Hanwoo 5 0 1 6 
11  Brahman 4 5 2 11 
12  Simmental 4 1 0 5 
13  Guernsey 3 5 0 8 
14  Piedmontese 3 4 1 8 
15  Shorthorn 3 4 0 7 
16  Belgian Blue 3 1 0 4 
17  Braunvieh 3 0 0 3 
18  NDama 2 7 3 12 
19  Santa Gertrudis 2 3 2 7 
20  Murray Grey 2 4 0 6 
21  Romagnola 2 2 1 5 
22  Norwegian Red 2 3 0 5 
23  Sheko 2 2 1 5 
24  Fleckvieh 2 0 0 2 
25  Red Angus 1 4 0 5 
26  Montbeliarde 1 1 2 4 
27  Salers 1 1 2 4 
28  Normande 1 1 1 3 
29  Beef Master 1 1 1 3 
30  Belmont Red 1 2 0 3 
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31  Blonde dAquitaine 1 1 0 2 
32  Italian Brown 1 1 0 2 
33  Finnish Ayrshire 1 1 0 2 
34  Galloway 1 1 0 2 
35  Franken Gelbvieh 1 1 0 2 
36  Senepol 1 0 0 1 
37  Creole 1 0 0 1 
38  Guzera 1 0 0 1 
39  Wagyu 1 0 0 1 
40  Anatolian Black 1 0 0 1 
41  Japanese Black 1 0 0 1 
42  Illyrian Mountain Busa 1 0 0 1 
43  Murnau-Werdenfelser 1 0 0 1 
44  Baoule 0 3 1 4 
45  Borgou 0 3 1 4 
46  Lagune 0 3 1 4 
47  Oulmes Zaer 0 3 1 4 
48  Somba 0 3 1 4 
49  Aubrac 0 1 2 3 
50  Australian Red 0 2 0 2 
51  Illawarra Shorthorn 0 2 0 2 
52  Marchigiana 0 2 0 2 
53  Kuri 0 1 1 2 
54  Zebu Madagascar 0 1 1 2 
55  Gascon 0 1 1 2 
56  Maraichine 0 1 1 2 
57  Australian Friesian Sahiwal 0 1 0 1 
58  Arsi 0 1 0 1 
59  Ambo 0 1 0 1 
60  Horro 0 1 0 1 
61  White Fulani 0 1 0 1 
62  Zebu Choa 0 1 0 1 
63  Abondance 0 1 0 1 
64  Belted Galloway 0 1 0 1 
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65  Bretonne Black Pied 0 1 0 1 
66  Chianina 0 1 0 1 
67  Devon 0 1 0 1 
68  Dexter 0 1 0 1 
69  French Red Pied Lowland 0 1 0 1 
70  Kerry 0 1 0 1 
71  Lincoln Red 0 1 0 1 
72  Longhorn 0 1 0 1 
73  Maine-Anjou 0 1 0 1 
74  Pinzgauer 0 1 0 1 
75  Red Poll 0 1 0 1 
76  Romosinuano 0 1 0 1 
77  Scottish Highland 0 1 0 1 
78  South Devon 0 1 0 1 
79  Sussex 0 1 0 1 
80  Tarentaise 0 1 0 1 
81  Texas Longhorn 0 1 0 1 
82  Vosgienne 0 1 0 1 
83  Welsh Black 0 1 0 1 
84  White Park 0 1 0 1 
85  Borana  0 0 1 1 
86  Danakil 0 0 1 1 
87  Italian Pezzata Rossa 0 0 1 1 
 
 
BTA Range Mb MaxScore Population region nubmer Population Index sizeMb
Number 
of Genes
Genome wide 
average genes 
within sizeMb
1 3.496 – 4.104 3.69 1 African 1 0.708 5 6.2
1 12.236 – 12.997 4.78 2 African 2 0.861 0 7.6
1 81.86 – 82.1 3.13 3 African 3 0.34 3 3.0
1 87.972 – 91.841 3.5 4 African 4 3.969 13 35.0
1 130.381 – 132.012 5.91 5 African 5 1.731 24 15.3
1 134.808 – 139.28 3.69 6 African 6 4.572 24 40.3
1 150.986 – 151.551 3.09 7 African 7 0.665 5 5.9
2 6.151 – 6.151 3.63 8 African 8 0.1 2 0.9
2 51.012 – 55.406 3.5 9 African 9 4.494 8 39.6
2 70.791 – 76.113 4.78 10 African 10 5.422 22 47.8
2 112.82 – 116.542 3.69 11 African 11 3.822 16 33.7
2 119.705 – 123.33 3.69 12 African 12 3.725 74 32.8
2 127.412 – 128.15 3.69 13 African 13 0.838 25 7.4
2 135.926 – 136.102 3.69 14 African 14 0.276 4 2.4
3 14.674 – 15.725 3.69 15 African 15 1.151 52 10.1
3 48.982 – 51.212 3.09 16 African 16 2.33 19 20.5
3 54.152 – 54.152 3.09 17 African 17 0.1 1 0.9
4 1.65 – 2.569 3.13 18 African 18 1.019 0 9.0
4 28.8 – 30.015 3.69 19 African 19 1.315 4 11.6
4 34.733 – 36.266 3.69 20 African 20 1.633 1 14.4
4 44.672 – 47.396 3.69 21 African 21 2.824 17 24.9
4 50.122 – 54.063 3.69 22 African 22 4.041 21 35.6
4 62.325 – 62.325 3.69 23 African 23 0.1 1 0.9
4 65.347 – 66.155 4.78 24 African 24 0.908 9 8.0
4 69.501 – 71.061 3.69 25 African 25 1.66 6 14.6
5 14.044 – 15.37 3.69 26 African 26 1.426 4 12.6
5 22.328 – 22.328 3.69 27 African 27 0.1 1 0.9
5 30.354 – 30.375 3.69 28 African 28 0.121 3 1.1
5 42.167 – 42.167 3.69 29 African 29 0.1 1 0.9
5 45.134 – 46.364 3.69 30 African 30 1.33 9 11.7
5 51.392 – 51.392 3.69 31 African 31 0.1 1 0.9
5 54.12 – 57.197 3.69 32 African 32 3.177 62 28.0
5 68.335 – 72.929 3.09 33 African 33 4.694 33 41.4
5 104.017 – 105.388 3.09 34 African 34 1.471 32 13.0
6 0.738 – 4.165 3.09 35 African 35 3.527 11 31.1
6 29.473 – 32.548 3.09 36 African 36 3.175 8 28.0
6 47.431 – 49.406 3.63 37 African 37 2.075 4 18.3
6 52.036 – 55.148 3.13 38 African 38 3.212 1 28.3
6 58.814 – 60.392 3.09 39 African 39 1.678 17 14.8
6 88.442 – 89.147 5.91 40 African 40 0.805 4 7.1
6 92.309 – 100.039 3.69 41 African 41 7.83 58 69.0
Table S2.4
List of regions under selection, validated across multiple studies, based on 
Meta-assembly of groups and breeds.
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of Genes
Genome wide 
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6 104.923 – 104.923 3.69 42 African 42 0.1 2 0.9
6 110.081 – 112.789 3.09 43 African 43 2.808 6 24.8
7 12.561 – 16.826 3.69 44 African 44 4.365 149 38.5
7 19.615 – 20.552 3.69 45 African 45 1.037 26 9.1
7 23.404 – 23.404 3.69 46 African 46 0.1 3 0.9
7 27.497 – 29.146 3.69 47 African 47 1.749 11 15.4
7 38.555 – 44.888 5.91 48 African 48 6.433 161 56.7
7 52.225 – 54.572 4.78 49 African 49 2.447 73 21.6
7 57.357 – 58.955 3.69 50 African 50 1.698 3 15.0
7 61.992 – 64.805 4.78 51 African 51 2.913 46 25.7
7 68.382 – 68.627 3.69 52 African 52 0.345 0 3.0
7 100.74 – 102.18 3.09 53 African 53 1.54 1 13.6
8 37.91 – 41.556 4.82 54 African 54 3.746 28 33.0
8 47.771 – 50.019 3.69 55 African 55 2.348 10 20.7
8 80.127 – 83.522 3.09 56 African 56 3.495 22 30.8
10 45.091 – 46.45 3.09 57 African 57 1.459 20 12.9
10 63.027 – 63.343 3.63 58 African 58 0.416 0 3.7
11 37.11 – 39.409 3.69 59 African 59 2.399 19 21.2
11 67.257 – 67.257 3.32 60 African 60 0.1 3 0.9
11 70.202 – 75.88 5.32 61 African 61 5.778 84 51.0
11 93.194 – 94.703 3.09 62 African 62 1.609 54 14.2
11 97.224 – 97.224 3.09 63 African 63 0.1 1 0.9
12 26.843 – 29.324 3.69 64 African 64 2.581 12 22.8
12 33.037 – 33.037 3.69 65 African 65 0.1 0 0.9
12 51.291 – 55.584 3.69 66 African 66 4.393 17 38.7
12 90.078 – 91.058 3.69 67 African 67 1.08 28 9.5
13 74.392 – 77.1 3.5 68 African 68 2.808 58 24.8
14 5.883 – 9.366 5.32 69 African 69 3.583 12 31.6
14 13.023 – 14.22 5.32 70 African 70 1.297 1 11.4
14 26.621 – 29.062 3.15 71 African 71 2.541 6 22.4
14 34.801 – 40.684 3.69 72 African 72 5.983 31 52.8
14 46.845 – 47.141 3.69 73 African 73 0.396 6 3.5
14 50.815 – 54.631 5.32 74 African 74 3.916 2 34.5
14 60.826 – 61.395 3.5 75 African 75 0.669 1 5.9
15 43.842 – 44.288 3.09 76 African 76 0.546 12 4.8
15 51.413 – 54.219 3.69 77 African 77 2.906 65 25.6
16 20.664 – 23.108 3.09 78 African 78 2.544 5 22.4
16 40.847 – 42.992 3.09 79 African 79 2.245 29 19.8
16 47.528 – 48.936 3.63 80 African 80 1.508 20 13.3
17 3.945 – 3.945 3.09 81 African 81 0.1 3 0.9
17 13.985 – 14.201 3.09 82 African 82 0.316 1 2.8
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17 16.818 – 16.818 3.09 83 African 83 0.1 1 0.9
17 67.818 – 69.535 3.5 84 African 84 1.817 12 16.0
18 1.878 – 3.271 3.09 85 African 85 1.493 26 13.2
18 11.171 – 15.266 3.69 86 African 86 4.195 75 37.0
19 2.836 – 5.084 3.09 87 African 87 2.348 5 20.7
19 25.07 – 27.132 5.19 88 African 88 2.162 48 19.1
19 30.572 – 34.229 3.69 89 African 89 3.757 35 33.1
19 36.774 – 41.104 3.69 90 African 90 4.43 127 39.1
19 45.865 – 53.668 4.78 91 African 91 7.903 158 69.7
19 60.315 – 63.45 4.78 92 African 92 3.235 22 28.5
20 2.491 – 4.619 3.69 93 African 93 2.228 19 19.6
20 8.237 – 8.44 3.69 94 African 94 0.303 2 2.7
20 11.228 – 12.416 3.69 95 African 95 1.288 5 11.4
20 44.95 – 45.267 3.5 96 African 96 0.417 1 3.7
21 44.668 – 45.91 4.78 97 African 97 1.342 13 11.8
21 48.687 – 49.978 3.69 98 African 98 1.391 9 12.3
21 64.782 – 64.782 3.69 99 African 99 0.1 0 0.9
22 32.369 – 32.651 3.69 100 African 100 0.382 7 3.4
22 35.527 – 35.89 3.69 101 African 101 0.463 2 4.1
22 42.791 – 45.287 4.78 102 African 102 2.596 27 22.9
22 48.21 – 53.232 4.78 103 African 103 5.122 171 45.2
23 33.962 – 36.509 3.63 104 African 104 2.647 19 23.3
24 19.794 – 22.255 3.09 105 African 105 2.561 18 22.6
24 50.267 – 51.393 4.78 106 African 106 1.226 11 10.8
24 54.073 – 57.2 4.78 107 African 107 3.227 14 28.5
25 3.245 – 5.008 3.5 108 African 108 1.863 30 16.4
25 26.468 – 27.409 3.69 109 African 109 1.041 68 9.2
25 33.274 – 41.596 3.69 110 African 110 8.422 206 74.3
26 44.436 – 46.761 3.09 111 African 111 2.425 17 21.4
28 27.477 – 30.76 3.5 112 African 112 3.383 44 29.8
1 1.832 – 1.863 6 1 Angus 113 0.131 0 1.2
1 111.763 – 111.78 3.85 2 Angus 114 0.117 1 1.0
3 28.301 – 30.332 3.52 3 Angus 115 2.131 25 18.8
6 5.817 – 8.298 3.52 4 Angus 116 2.581 21 22.8
6 39.718 – 39.718 3.23 5 Angus 117 0.1 0 0.9
6 104.429 – 108.356 3.52 6 Angus 118 4.027 43 35.5
7 48.744 – 53.893 5.19 7 Angus 119 5.249 85 46.3
8 70.09 – 71.004 4.61 8 Angus 120 1.014 16 8.9
11 99.823 – 100.742 3.52 9 Angus 121 1.019 14 9.0
12 26.058 – 27.344 3.52 10 Angus 122 1.386 1 12.2
14 1.774 – 4.66 5.09 11 Angus 123 2.986 75 26.3
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14 10.165 – 11.881 3.27 12 Angus 124 1.816 8 16.0
14 24.859 – 26.819 6.1 13 Angus 125 2.06 16 18.2
16 42.793 – 47.895 7.2 14 Angus 126 5.202 64 45.9
18 14.758 – 15.724 6.62 15 Angus 127 1.066 21 9.4
18 53.47 – 54.276 3.52 16 Angus 128 0.906 42 8.0
19 57.242 – 59.282 3.52 17 Angus 129 2.14 29 18.9
20 70.934 – 71.982 3.85 18 Angus 130 1.148 23 10.1
21 0.372 – 3.254 3.85 19 Angus 131 2.982 6 26.3
21 68.507 – 71.465 4.37 20 Angus 132 3.058 63 27.0
24 0.192 – 0.595 3.52 21 Angus 133 0.503 3 4.4
24 25.327 – 25.475 3.54 22 Angus 134 0.248 3 2.2
25 38.007 – 39.365 3.52 23 Angus 135 1.458 35 12.9
27 24.434 – 25.186 3.52 24 Angus 136 0.852 4 7.5
27 34.696 – 36.765 3.82 25 Angus 137 2.169 17 19.1
29 49.633 – 49.74 3.85 26 Angus 138 0.207 1 1.8
1 11.31 – 11.31 6 1 Belgian Blue 139 0.1 0 0.9
1 19.555 – 21.125 8 2 Belgian Blue 140 1.67 6 14.7
1 34.434 – 34.434 6 3 Belgian Blue 141 0.1 0 0.9
1 37.279 – 37.279 6 4 Belgian Blue 142 0.1 0 0.9
1 40.586 – 40.586 6 5 Belgian Blue 143 0.1 2 0.9
1 66.931 – 66.931 6 6 Belgian Blue 144 0.1 3 0.9
1 83.749 – 83.778 6 7 Belgian Blue 145 0.129 3 1.1
1 89.646 – 89.646 6 8 Belgian Blue 146 0.1 0 0.9
1 146.32 – 147.205 8 9 Belgian Blue 147 0.985 13 8.7
2 6.42 – 6.468 8 10 Belgian Blue 148 0.148 2 1.3
2 34.603 – 34.603 6 11 Belgian Blue 149 0.1 2 0.9
2 55.639 – 56.908 6 12 Belgian Blue 150 1.369 2 12.1
2 61.748 – 62.073 6 13 Belgian Blue 151 0.425 8 3.7
2 73.597 – 73.597 6 14 Belgian Blue 152 0.1 1 0.9
2 92.249 – 93.431 6 15 Belgian Blue 153 1.282 5 11.3
2 107.115 – 107.115 6 16 Belgian Blue 154 0.1 6 0.9
2 119.643 – 119.927 6 17 Belgian Blue 155 0.384 5 3.4
3 8.368 – 9.694 8 18 Belgian Blue 156 1.426 44 12.6
3 17.831 – 17.832 6 19 Belgian Blue 157 0.101 2 0.9
3 71.623 – 72.892 8 20 Belgian Blue 158 1.369 0 12.1
3 92.754 – 92.763 6 21 Belgian Blue 159 0.109 4 1.0
4 3.197 – 3.197 6 22 Belgian Blue 160 0.1 0 0.9
4 27.35 – 27.35 6 23 Belgian Blue 161 0.1 1 0.9
4 65.69 – 65.69 6 24 Belgian Blue 162 0.1 1 0.9
4 68.23 – 70.56 8 25 Belgian Blue 163 2.43 22 21.4
4 78.227 – 80.498 8 26 Belgian Blue 164 2.371 10 20.9
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5 18.467 – 21.822 8 27 Belgian Blue 165 3.455 11 30.5
5 49.315 – 49.315 6 28 Belgian Blue 166 0.1 3 0.9
5 67.261 – 68.57 6 29 Belgian Blue 167 1.409 14 12.4
5 93.093 – 93.12 8 30 Belgian Blue 168 0.127 0 1.1
5 99.19 – 99.19 6 31 Belgian Blue 169 0.1 4 0.9
5 110.698 – 112.612 8 32 Belgian Blue 170 2.014 37 17.8
6 36.183 – 36.183 6 33 Belgian Blue 171 0.1 1 0.9
6 56.715 – 56.715 6 34 Belgian Blue 172 0.1 0 0.9
6 71.782 – 71.782 6 35 Belgian Blue 173 0.1 1 0.9
6 75.114 – 75.647 6 36 Belgian Blue 174 0.633 0 5.6
6 94.378 – 96.622 8 37 Belgian Blue 175 2.344 10 20.7
6 117.792 – 118.849 8 38 Belgian Blue 176 1.157 16 10.2
7 16.996 – 18.025 6 39 Belgian Blue 177 1.129 51 10.0
7 35.886 – 35.886 6 40 Belgian Blue 178 0.1 1 0.9
7 51.322 – 53.723 6 41 Belgian Blue 179 2.501 58 22.1
7 72.995 – 72.995 6 42 Belgian Blue 180 0.1 2 0.9
7 90.292 – 90.292 6 43 Belgian Blue 181 0.1 0 0.9
7 110.739 – 110.739 6 44 Belgian Blue 182 0.1 1 0.9
8 31.453 – 33.225 8 45 Belgian Blue 183 1.872 3 16.5
8 41.693 – 45.553 8 46 Belgian Blue 184 3.96 19 34.9
8 53.925 – 64.202 8 47 Belgian Blue 185 10.377 102 91.5
8 67.789 – 67.789 6 48 Belgian Blue 186 0.1 2 0.9
8 73.632 – 73.632 6 49 Belgian Blue 187 0.1 1 0.9
8 83.628 – 84.842 6 50 Belgian Blue 188 1.314 12 11.6
8 94.974 – 96.83 8 51 Belgian Blue 189 1.956 17 17.2
8 105.009 – 105.009 6 52 Belgian Blue 190 0.1 3 0.9
8 107.736 – 107.878 8 53 Belgian Blue 191 0.242 1 2.1
9 12.151 – 13.091 8 54 Belgian Blue 192 1.04 4 9.2
9 71.769 – 71.769 6 55 Belgian Blue 193 0.1 6 0.9
9 103.657 – 103.657 6 56 Belgian Blue 194 0.1 0 0.9
10 9.439 – 9.439 6 57 Belgian Blue 195 0.1 1 0.9
10 27.148 – 27.863 6 58 Belgian Blue 196 0.815 37 7.2
10 70.957 – 71.004 6 59 Belgian Blue 197 0.147 3 1.3
10 73.759 – 74.383 6 60 Belgian Blue 198 0.724 4 6.4
10 76.933 – 76.933 6 61 Belgian Blue 199 0.1 4 0.9
10 103.097 – 104.067 8 62 Belgian Blue 200 1.07 8 9.4
11 18.285 – 18.285 6 63 Belgian Blue 201 0.1 0 0.9
11 29.046 – 30.776 8 64 Belgian Blue 202 1.83 14 16.1
11 50.053 – 50.053 6 65 Belgian Blue 203 0.1 0 0.9
11 98.139 – 98.139 6 66 Belgian Blue 204 0.1 3 0.9
12 33.039 – 33.039 6 67 Belgian Blue 205 0.1 0 0.9
Table S2.4
List of regions under selection, validated across multiple studies, based on 
Meta-assembly of groups and breeds.
Appendix of Chapter 2
BTA Range Mb MaxScore Population region nubmer Population Index sizeMb
Number 
of Genes
Genome wide 
average genes 
within sizeMb
12 39.634 – 40.828 6 68 Belgian Blue 206 1.294 1 11.4
12 82.343 – 82.343 6 69 Belgian Blue 207 0.1 0 0.9
13 11.705 – 14.385 6 70 Belgian Blue 208 2.78 10 24.5
13 32.151 – 32.201 6 71 Belgian Blue 209 0.15 1 1.3
13 36.427 – 36.427 6 72 Belgian Blue 210 0.1 1 0.9
13 49.466 – 49.478 6 73 Belgian Blue 211 0.112 0 1.0
13 53.256 – 54.725 8 74 Belgian Blue 212 1.569 47 13.8
14 1.789 – 1.828 6 75 Belgian Blue 213 0.139 11 1.2
14 9.385 – 13.519 8 76 Belgian Blue 214 4.234 15 37.3
14 23.038 – 25.669 8 77 Belgian Blue 215 2.731 24 24.1
14 28.746 – 39.227 8 78 Belgian Blue 216 10.581 53 93.3
14 47.203 – 50.128 6 79 Belgian Blue 217 3.025 13 26.7
14 57.561 – 58.421 8 80 Belgian Blue 218 0.96 4 8.5
14 61.744 – 61.744 6 81 Belgian Blue 219 0.1 0 0.9
14 66.017 – 66.017 6 82 Belgian Blue 220 0.1 2 0.9
14 70.808 – 70.808 6 83 Belgian Blue 221 0.1 0 0.9
14 83.798 – 83.798 6 84 Belgian Blue 222 0.1 1 0.9
15 37.902 – 37.902 6 85 Belgian Blue 223 0.1 1 0.9
15 47.281 – 47.281 6 86 Belgian Blue 224 0.1 5 0.9
15 82.513 – 82.513 6 87 Belgian Blue 225 0.1 2 0.9
16 24.727 – 24.749 6 88 Belgian Blue 226 0.122 1 1.1
16 28.749 – 29.663 8 89 Belgian Blue 227 1.014 8 8.9
16 42.057 – 45.498 8 90 Belgian Blue 228 3.541 51 31.2
16 58.505 – 64.782 8 91 Belgian Blue 229 6.377 33 56.2
17 70.063 – 70.063 6 92 Belgian Blue 230 0.1 1 0.9
17 74.836 – 74.982 8 93 Belgian Blue 231 0.246 14 2.2
18 13.273 – 14.81 8 94 Belgian Blue 232 1.637 50 14.4
18 57.438 – 57.438 6 95 Belgian Blue 233 0.1 8 0.9
19 28.313 – 28.313 6 96 Belgian Blue 234 0.1 3 0.9
19 31.965 – 33.59 8 97 Belgian Blue 235 1.725 12 15.2
19 39.233 – 39.246 6 98 Belgian Blue 236 0.113 7 1.0
19 53.012 – 53.391 8 99 Belgian Blue 237 0.479 12 4.2
20 5.714 – 5.714 6 100 Belgian Blue 238 0.1 2 0.9
20 25.13 – 25.13 6 101 Belgian Blue 239 0.1 1 0.9
20 55.68 – 55.68 6 102 Belgian Blue 240 0.1 1 0.9
21 0.755 – 0.755 6 103 Belgian Blue 241 0.1 2 0.9
21 3.741 – 3.741 6 104 Belgian Blue 242 0.1 0 0.9
21 6.922 – 6.922 6 105 Belgian Blue 243 0.1 1 0.9
21 14.965 – 16.358 8 106 Belgian Blue 244 1.493 4 13.2
21 44.618 – 45.74 6 107 Belgian Blue 245 1.222 11 10.8
21 57.721 – 59.222 8 108 Belgian Blue 246 1.601 21 14.1
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21 64.917 – 64.917 6 109 Belgian Blue 247 0.1 0 0.9
22 33.397 – 33.397 6 110 Belgian Blue 248 0.1 1 0.9
24 56.273 – 56.273 6 111 Belgian Blue 249 0.1 0 0.9
26 24.385 – 24.385 6 112 Belgian Blue 250 0.1 2 0.9
27 33.861 – 33.861 6 113 Belgian Blue 251 0.1 2 0.9
29 45.787 – 48.013 8 114 Belgian Blue 252 2.326 55 20.5
1 73.134 – 73.134 4 1 Braunvieh 253 0.1 1 0.9
1 152.656 – 152.656 4 2 Braunvieh 254 0.1 0 0.9
2 3.967 – 3.967 4 3 Braunvieh 255 0.1 0 0.9
2 24.288 – 24.288 4 4 Braunvieh 256 0.1 0 0.9
2 44.946 – 44.946 4 5 Braunvieh 257 0.1 2 0.9
2 90.58 – 90.58 4 6 Braunvieh 258 0.1 3 0.9
2 93.183 – 93.183 4 7 Braunvieh 259 0.1 1 0.9
2 128.961 – 128.961 4 8 Braunvieh 260 0.1 2 0.9
3 4.406 – 5.012 4 9 Braunvieh 261 0.706 1 6.2
3 21.317 – 21.317 4 10 Braunvieh 262 0.1 0 0.9
3 32.115 – 32.115 4 11 Braunvieh 263 0.1 0 0.9
3 111.105 – 111.105 4 12 Braunvieh 264 0.1 2 0.9
4 7.617 – 9.985 4 13 Braunvieh 265 2.468 21 21.8
4 16.005 – 16.005 4 14 Braunvieh 266 0.1 1 0.9
4 73.715 – 73.715 4 15 Braunvieh 267 0.1 1 0.9
4 111.391 – 111.391 4 16 Braunvieh 268 0.1 1 0.9
4 115.462 – 115.462 4 17 Braunvieh 269 0.1 0 0.9
5 9.98 – 10.875 4 18 Braunvieh 270 0.995 7 8.8
5 15.124 – 21.552 4 19 Braunvieh 271 6.528 19 57.6
5 25.726 – 25.726 4 20 Braunvieh 272 0.1 2 0.9
5 30.305 – 30.305 4 21 Braunvieh 273 0.1 3 0.9
5 32.99 – 34.447 4 22 Braunvieh 274 1.557 7 13.7
5 71.989 – 85.536 4 23 Braunvieh 275 13.647 98 120.3
5 106.39 – 106.39 4 24 Braunvieh 276 0.1 0 0.9
5 109.444 – 109.924 4 25 Braunvieh 277 0.58 12 5.1
6 32.93 – 32.93 4 26 Braunvieh 278 0.1 1 0.9
6 37.192 – 40.657 4 27 Braunvieh 279 3.565 18 31.4
6 49.202 – 50.874 4 28 Braunvieh 280 1.772 1 15.6
6 55.555 – 56.986 4 29 Braunvieh 281 1.531 0 13.5
6 60.265 – 61.539 4 30 Braunvieh 282 1.374 13 12.1
6 65.915 – 67.78 4 31 Braunvieh 283 1.965 10 17.3
6 72.128 – 72.128 4 32 Braunvieh 284 0.1 0 0.9
6 79.595 – 79.595 4 33 Braunvieh 285 0.1 0 0.9
6 82.269 – 82.269 4 34 Braunvieh 286 0.1 0 0.9
6 90.969 – 90.969 4 35 Braunvieh 287 0.1 1 0.9
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6 96.802 – 98.007 4 36 Braunvieh 288 1.305 4 11.5
8 23.451 – 31.205 4 37 Braunvieh 289 7.854 30 69.3
8 36.665 – 37.595 4 38 Braunvieh 290 1.03 2 9.1
8 66.875 – 66.875 4 39 Braunvieh 291 0.1 0 0.9
8 101.274 – 102.214 4 40 Braunvieh 292 1.04 8 9.2
8 112.737 – 112.737 4 41 Braunvieh 293 0.1 0 0.9
9 56.022 – 56.022 4 42 Braunvieh 294 0.1 0 0.9
9 70.275 – 70.275 4 43 Braunvieh 295 0.1 2 0.9
9 90.365 – 90.705 4 44 Braunvieh 296 0.44 2 3.9
9 104.489 – 104.489 4 45 Braunvieh 297 0.1 0 0.9
10 46.652 – 46.652 4 46 Braunvieh 298 0.1 0 0.9
10 62.668 – 63.664 4 47 Braunvieh 299 1.096 1 9.7
11 0.758 – 3.593 4 48 Braunvieh 300 2.935 44 25.9
11 28.189 – 28.189 4 49 Braunvieh 301 0.1 1 0.9
11 31.775 – 31.775 4 50 Braunvieh 302 0.1 0 0.9
11 35.798 – 37.83 4 51 Braunvieh 303 2.132 18 18.8
11 57.012 – 57.012 4 52 Braunvieh 304 0.1 1 0.9
11 62.65 – 69.181 4 53 Braunvieh 305 6.631 46 58.5
11 72.644 – 72.644 4 54 Braunvieh 306 0.1 2 0.9
11 89.642 – 91.541 4 55 Braunvieh 307 1.999 4 17.6
11 106.74 – 106.74 4 56 Braunvieh 308 0.1 1 0.9
12 50.256 – 52.597 4 57 Braunvieh 309 2.441 10 21.5
12 55.538 – 59.241 4 58 Braunvieh 310 3.803 6 33.5
12 62.642 – 62.688 4 59 Braunvieh 311 0.146 1 1.3
12 68.096 – 68.096 4 60 Braunvieh 312 0.1 0 0.9
12 77.587 – 78.423 4 61 Braunvieh 313 0.936 5 8.3
12 85.109 – 90.839 4 62 Braunvieh 314 5.83 45 51.4
13 8.115 – 8.115 4 63 Braunvieh 315 0.1 1 0.9
13 19.988 – 19.988 4 64 Braunvieh 316 0.1 1 0.9
13 25.177 – 25.667 4 65 Braunvieh 317 0.59 1 5.2
13 36.361 – 39.53 4 66 Braunvieh 318 3.269 31 28.8
13 43.046 – 43.046 4 67 Braunvieh 319 0.1 2 0.9
13 45.778 – 48.186 4 68 Braunvieh 320 2.508 17 22.1
13 51.632 – 53.348 4 69 Braunvieh 321 1.816 39 16.0
13 65.069 – 65.069 4 70 Braunvieh 322 0.1 2 0.9
13 72.825 – 72.825 4 71 Braunvieh 323 0.1 3 0.9
14 1.807 – 1.807 4 72 Braunvieh 324 0.1 9 0.9
14 28.039 – 28.817 7 73 Braunvieh 325 0.878 3 7.7
14 35.554 – 35.554 4 74 Braunvieh 326 0.1 1 0.9
14 48.009 – 50.39 4 75 Braunvieh 327 2.481 10 21.9
14 53.669 – 53.669 4 76 Braunvieh 328 0.1 0 0.9
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14 56.635 – 63.713 4 77 Braunvieh 329 7.178 28 63.3
14 68.626 – 68.879 4 78 Braunvieh 330 0.353 3 3.1
14 80.948 – 80.948 4 79 Braunvieh 331 0.1 0 0.9
15 79.344 – 79.344 4 80 Braunvieh 332 0.1 5 0.9
15 85.191 – 85.191 4 81 Braunvieh 333 0.1 0 0.9
16 19.327 – 21.253 4 82 Braunvieh 334 2.026 3 17.9
16 26.085 – 26.085 4 83 Braunvieh 335 0.1 0 0.9
16 30.952 – 33.923 4 84 Braunvieh 336 3.071 17 27.1
16 55.251 – 55.251 4 85 Braunvieh 337 0.1 1 0.9
16 61.688 – 61.946 4 86 Braunvieh 338 0.358 5 3.2
17 2.904 – 2.904 4 87 Braunvieh 339 0.1 2 0.9
17 59.203 – 62.598 4 88 Braunvieh 340 3.495 18 30.8
17 74.948 – 74.948 4 89 Braunvieh 341 0.1 8 0.9
18 13.292 – 13.292 4 90 Braunvieh 342 0.1 3 0.9
18 18.257 – 18.257 4 91 Braunvieh 343 0.1 1 0.9
18 28.381 – 29.311 4 92 Braunvieh 344 1.03 0 9.1
18 43.553 – 43.553 4 93 Braunvieh 345 0.1 3 0.9
19 27.028 – 27.37 4 94 Braunvieh 346 0.442 24 3.9
19 32.447 – 32.447 4 95 Braunvieh 347 0.1 1 0.9
19 46.042 – 46.577 4 96 Braunvieh 348 0.635 6 5.6
19 49.44 – 53.658 4 97 Braunvieh 349 4.318 103 38.1
20 2.515 – 2.515 4 98 Braunvieh 350 0.1 1 0.9
20 22.054 – 24.707 4 99 Braunvieh 351 2.753 31 24.3
21 8.734 – 8.734 4 100 Braunvieh 352 0.1 0 0.9
21 32.785 – 32.785 4 101 Braunvieh 353 0.1 1 0.9
21 43.051 – 44.922 4 102 Braunvieh 354 1.971 4 17.4
21 53.565 – 53.565 4 103 Braunvieh 355 0.1 0 0.9
21 71.109 – 71.109 4 104 Braunvieh 356 0.1 2 0.9
25 0.229 – 6.37 4 105 Braunvieh 357 6.241 199 55.0
26 21.282 – 25.041 4 106 Braunvieh 358 3.859 70 34.0
26 34.527 – 34.527 4 107 Braunvieh 359 0.1 2 0.9
27 7.712 – 7.712 4 108 Braunvieh 360 0.1 1 0.9
27 19.087 – 19.087 4 109 Braunvieh 361 0.1 3 0.9
27 32.963 – 33.504 4 110 Braunvieh 362 0.641 13 5.7
28 17.003 – 17.213 4 111 Braunvieh 363 0.31 0 2.7
29 22.093 – 22.093 4 112 Braunvieh 364 0.1 0 0.9
29 40.322 – 40.322 4 113 Braunvieh 365 0.1 3 0.9
2 53.552 – 56.815 3.02 1 Brown Swiss 366 3.363 5 29.7
2 64.386 – 64.386 3.02 2 Brown Swiss 367 0.1 1 0.9
2 73.65 – 74.194 3.89 3 Brown Swiss 368 0.644 3 5.7
4 61.237 – 66.05 4.48 4 Brown Swiss 369 4.913 30 43.3
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5 11.575 – 13.262 3.11 5 Brown Swiss 370 1.787 3 15.8
5 35.333 – 37.736 3.11 6 Brown Swiss 371 2.503 10 22.1
5 103.472 – 105.561 5.13 7 Brown Swiss 372 2.189 57 19.3
6 37.416 – 40.7 3.9 8 Brown Swiss 373 3.384 18 29.8
6 61.261 – 64.071 5.13 9 Brown Swiss 374 2.91 15 25.7
6 68.551 – 70.894 3.58 10 Brown Swiss 375 2.443 20 21.5
6 74.672 – 77.771 3.58 11 Brown Swiss 376 3.199 0 28.2
6 80.721 – 81.616 3.02 12 Brown Swiss 377 0.995 4 8.8
6 91.693 – 93.677 4.07 13 Brown Swiss 378 2.084 25 18.4
7 25.578 – 27.694 3.58 14 Brown Swiss 379 2.216 9 19.5
7 51.308 – 51.74 3.02 15 Brown Swiss 380 0.532 12 4.7
8 42.034 – 45.838 5.13 16 Brown Swiss 381 3.904 20 34.4
9 86.501 – 88.386 3.58 17 Brown Swiss 382 1.985 19 17.5
11 25.76 – 28.255 6 18 Brown Swiss 383 2.595 16 22.9
12 17.005 – 17.407 3.58 19 Brown Swiss 384 0.502 0 4.4
12 40.819 – 42.222 3.02 20 Brown Swiss 385 1.503 2 13.3
13 21.65 – 24.04 3.9 21 Brown Swiss 386 2.49 10 22.0
13 30.99 – 31.475 3.58 22 Brown Swiss 387 0.585 3 5.2
13 56.084 – 57.321 4.48 23 Brown Swiss 388 1.337 7 11.8
13 77.914 – 78.732 4.46 24 Brown Swiss 389 0.918 13 8.1
14 1.801 – 3.765 6.89 25 Brown Swiss 390 2.064 67 18.2
14 42.802 – 44.269 4.48 26 Brown Swiss 391 1.567 6 13.8
16 22.516 – 26.922 3.11 27 Brown Swiss 392 4.506 22 39.7
18 40.042 – 42.402 5.13 28 Brown Swiss 393 2.46 8 21.7
20 21.661 – 22.907 4.46 29 Brown Swiss 394 1.346 7 11.9
22 23.187 – 25.437 7.48 30 Brown Swiss 395 2.35 6 20.7
25 28.1 – 28.974 3.58 31 Brown Swiss 396 0.974 12 8.6
26 48.678 – 49.563 5.13 32 Brown Swiss 397 0.985 1 8.7
2 121.826 – 121.826 3.19 1 Charolais 398 0.1 4 0.9
5 56.863 – 58.775 4.89 2 Charolais 399 2.012 82 17.7
6 37.995 – 38.287 4.31 3 Charolais 400 0.392 5 3.5
14 1.794 – 1.8 4.44 4 Charolais 401 0.106 10 0.9
14 22.738 – 28.843 5.44 5 Charolais 402 6.205 38 54.7
18 14.713 – 14.758 3.13 6 Charolais 403 0.145 9 1.3
1 52.9 – 52.9 6 1 Composite 404 0.1 0 0.9
2 124.554 – 126.127 9 2 Composite 405 1.673 27 14.8
3 100.323 – 102.027 6 3 Composite 406 1.804 38 15.9
5 25.644 – 25.739 6 4 Composite 407 0.195 6 1.7
5 55.804 – 56.515 6 5 Composite 408 0.811 36 7.2
6 42.714 – 42.714 6 6 Composite 409 0.1 1 0.9
7 54.475 – 55.435 6 7 Composite 410 1.06 10 9.3
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13 25.058 – 27.337 9 8 Composite 411 2.379 9 21.0
14 8.089 – 8.089 6 9 Composite 412 0.1 2 0.9
14 64.298 – 64.298 6 10 Composite 413 0.1 2 0.9
16 50.384 – 50.897 6 11 Composite 414 0.613 14 5.4
20 39.5 – 39.5 6 12 Composite 415 0.1 1 0.9
22 29.102 – 29.102 6 13 Composite 416 0.1 1 0.9
1 0.386 – 4.283 39.02 1 European 417 3.997 46 35.2
1 9.019 – 14.624 32.32 2 European 418 5.705 8 50.3
1 18.832 – 21.602 20.92 3 European 419 2.87 9 25.3
1 31.013 – 35.213 28.5 4 European 420 4.3 6 37.9
1 47.744 – 51.09 12.01 5 European 421 3.446 3 30.4
1 55.881 – 58.868 18.43 6 European 422 3.087 28 27.2
1 66.01 – 69.906 21.78 7 European 423 3.996 38 35.2
1 73.856 – 81.289 29.46 8 European 424 7.533 43 66.4
1 84.241 – 85.888 22.77 9 European 425 1.747 10 15.4
1 88.463 – 92.014 21.4 10 European 426 3.651 6 32.2
1 113.5 – 113.508 17.01 11 European 427 0.108 1 1.0
1 116.348 – 117.781 16.12 12 European 428 1.533 11 13.5
1 121.945 – 124.645 17.48 13 European 429 2.8 6 24.7
1 139.561 – 156.57 20.37 14 European 430 17.109 151 150.9
1 144.193 – 145.114 20.37 14.1 European 431 1.021 17 9.0
2 3.673 – 7.322 45.54 15 European 432 3.749 38 33.1
2 23.686 – 26.012 17.03 16 European 433 2.426 21 21.4
2 34.195 – 36.763 22.11 17 European 434 2.668 19 23.5
2 47.259 – 50.271 19.33 18 European 435 3.112 9 27.4
2 55.265 – 55.414 17.74 19 European 436 0.249 1 2.2
2 59.592 – 64.386 28.09 20 European 437 4.894 20 43.2
2 61.027 – 63.444 28.09 20.1 European 438 2.517 16 22.2
2 69.217 – 75.21 46.98 21 European 439 6.093 25 53.7
2 71.404 – 71.928 46.98 21.1 European 440 0.624 8 5.5
2 91.25 – 95.2 22.66 22 European 441 4.05 23 35.7
2 117.477 – 136.555 30.6 23 European 442 19.178 292 169.1
2 121.361 – 129.574 30.6 23.1 European 443 8.313 151 73.3
3 7.749 – 11.595 24.87 24 European 444 3.946 104 34.8
3 15.348 – 20.065 33.56 25 European 445 4.817 158 42.5
3 31.177 – 34.577 19.32 26 European 446 3.5 64 30.9
3 39.547 – 47.691 14.84 27 European 447 8.244 34 72.7
3 55.031 – 57.16 29.1 28 European 448 2.229 10 19.7
3 62.471 – 64.772 11.46 29 European 449 2.401 3 21.2
3 71.617 – 74.472 23.9 30 European 450 2.955 4 26.1
3 77.727 – 82.571 24.27 31 European 451 4.944 30 43.6
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3 91.329 – 95.072 30.44 32 European 452 3.843 56 33.9
3 103.48 – 103.638 16.51 33 European 453 0.258 11 2.3
3 109 – 111.493 25.5 34 European 454 2.593 39 22.9
4 2.729 – 6.337 20.21 35 European 455 3.708 9 32.7
4 9.985 – 13.099 19.42 36 European 456 3.214 25 28.3
4 17.569 – 18.978 15.93 37 European 457 1.509 6 13.3
4 28.512 – 29.614 10.06 38 European 458 1.202 5 10.6
4 51.928 – 52.237 21.02 39 European 459 0.409 4 3.6
4 63.377 – 67.249 33.52 40 European 460 3.972 32 35.0
4 78.062 – 80.498 29.44 41 European 461 2.536 13 22.4
4 89.946 – 90.135 16.09 42 European 462 0.289 1 2.5
4 105.906 – 118.015 19.78 43 European 463 12.209 180 107.7
5 16.907 – 20.227 42.34 44 European 464 3.42 10 30.2
5 40.58 – 42.811 25.12 45 European 465 2.331 9 20.6
5 47.446 – 49.843 24.35 46 European 466 2.497 23 22.0
5 57.674 – 59.666 29.29 47 European 467 2.092 71 18.4
5 69.746 – 70.279 25.6 48 European 468 0.633 5 5.6
5 74.068 – 75.115 26.28 49 European 469 1.147 17 10.1
5 99.889 – 109.924 42.73 50 European 470 10.135 191 89.4
5 108.173 – 108.401 42.73 50.1 European 471 0.328 3 2.9
6 6.882 – 8.298 23.07 51 European 472 1.516 14 13.4
6 30.893 – 31.671 16.38 52 European 473 0.878 3 7.7
6 35.649 – 41.259 67.27 53 European 474 5.71 25 50.4
6 68.551 – 79.138 68.61 54 European 475 10.687 52 94.2
6 68.952 – 73.878 68.61 54.1 European 476 5.026 42 44.3
6 76.717 – 77.771 41.43 55 European 477 1.154 0 10.2
6 87.009 – 87.528 21.64 56 European 478 0.619 12 5.5
6 92.624 – 96.802 23.27 57 European 479 4.278 32 37.7
6 104.429 – 108.141 23.6 58 European 480 3.812 42 33.6
6 115.631 – 119.19 21.89 59 European 481 3.659 26 32.3
7 3.408 – 6.455 20.14 60 European 482 3.147 107 27.8
7 14.591 – 19.753 22.55 61 European 483 5.262 199 46.4
7 26.648 – 31.049 18.83 62 European 484 4.501 16 39.7
7 45.132 – 45.478 30.91 63 European 485 0.446 28 3.9
7 48.676 – 54.572 42.97 64 European 486 5.996 110 52.9
7 70.989 – 74.89 18.99 65 European 487 4.001 24 35.3
7 88.633 – 88.922 15.75 66 European 488 0.389 1 3.4
7 108.808 – 111.527 12.64 67 European 489 2.819 9 24.9
8 9.029 – 16.911 18.02 68 European 490 7.982 34 70.4
8 12.589 – 13.148 18.02 68.1 European 491 0.659 0 5.8
8 25.261 – 34.583 24.9 69 European 492 9.422 23 83.1
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8 30.715 – 33.148 24.9 69.1 European 493 2.533 5 22.3
8 41.693 – 46.311 27.87 70 European 494 4.718 24 41.6
8 51.068 – 54.653 22.46 71 European 495 3.685 18 32.5
8 59.719 – 64.077 28.52 72 European 496 4.458 89 39.3
8 69.866 – 71.307 28.76 73 European 497 1.541 35 13.6
8 82.372 – 85.657 17.49 74 European 498 3.385 38 29.8
8 93.833 – 99.248 37.95 75 European 499 5.515 26 48.6
8 94.576 – 95.195 37.95 75.1 European 500 0.719 0 6.3
8 106.03 – 109.883 28.7 76 European 501 3.953 6 34.9
9 10.403 – 13.304 18.41 77 European 502 3.001 13 26.5
9 21.663 – 26.459 13.08 78 European 503 4.896 32 43.2
9 40.39 – 47.882 26.61 79 European 504 7.592 45 66.9
9 55.813 – 57.559 15.23 80 European 505 1.846 1 16.3
9 73.393 – 74.261 26.99 81 European 506 0.968 4 8.5
9 85.175 – 98.13 27.88 82 European 507 13.055 92 115.1
9 85.536 – 89 27.88 82.1 European 508 3.564 30 31.4
9 101.437 – 105.65 28.94 83 European 509 4.313 33 38.0
10 10.487 – 15.227 31.87 84 European 510 4.84 53 42.7
10 27.711 – 30.095 32.02 85 European 511 2.484 43 21.9
10 35.995 – 38.622 20.52 86 European 512 2.727 62 24.0
10 43.272 – 45.688 30.23 87 European 513 2.516 29 22.2
10 56.297 – 60.512 32.32 88 European 514 4.315 32 38.1
10 65.389 – 65.468 25.04 89 European 515 0.179 5 1.6
10 68.862 – 72.001 38.82 90 European 516 3.239 23 28.6
10 98.268 – 103.47 20.81 91 European 517 5.302 20 46.8
11 24.357 – 31.775 28.25 92 European 518 7.518 48 66.3
11 27.584 – 28.189 28.25 92.1 European 519 0.705 3 6.2
11 31.448 – 31.468 25.05 93 European 520 0.12 0 1.1
11 47.75 – 52.015 11.58 94 European 521 4.365 40 38.5
11 63.482 – 71.11 27.03 95 European 522 7.728 50 68.1
11 74.084 – 74.216 20.18 96 European 523 0.232 3 2.0
11 85.789 – 86.03 15.86 97 European 524 0.341 1 3.0
11 97.059 – 102.227 17.87 98 European 525 5.268 98 46.5
12 14.47 – 18.842 29.44 99 European 526 4.472 30 39.4
12 26.058 – 28.722 21.06 100 European 527 2.764 11 24.4
12 38.409 – 43.638 22.18 101 European 528 5.329 2 47.0
12 50.223 – 54.755 12.85 102 European 529 4.632 18 40.8
12 58.71 – 63.26 12.32 103 European 530 4.65 4 41.0
12 70.117 – 70.473 11.8 104 European 531 0.456 1 4.0
12 76.839 – 79.602 13.06 105 European 532 2.863 15 25.2
12 82.849 – 91.092 13.86 106 European 533 8.343 61 73.6
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13 2.955 – 6.402 19.8 107 European 534 3.547 6 31.3
13 9.375 – 14.385 35.45 108 European 535 5.11 23 45.1
13 13.219 – 14.385 35.45 108.1 European 536 1.266 1 11.2
13 23.872 – 25.667 29.15 109 European 537 1.895 7 16.7
13 30.052 – 30.529 27.41 110 European 538 0.577 3 5.1
13 33.881 – 34.587 26.55 111 European 539 0.806 2 7.1
13 46.577 – 49.559 37.84 112 European 540 3.082 25 27.2
13 53.256 – 56.19 38.22 113 European 541 3.034 77 26.8
13 64.935 – 65.227 25.31 114 European 542 0.392 10 3.5
13 72.491 – 78.732 20.85 115 European 543 6.341 104 55.9
14 0.594 – 3.957 72.02 116 European 544 3.463 96 30.5
14 8.089 – 11.881 42.51 117 European 545 3.892 23 34.3
14 21.596 – 30.558 76.82 118 European 546 9.062 46 79.9
14 22.738 – 27.486 76.82 118.1 European 547 4.848 33 42.8
14 44.791 – 44.979 30.03 119 European 548 0.288 1 2.5
14 51.541 – 52.415 29.66 120 European 549 0.974 0 8.6
14 55.872 – 66.61 35.13 121 European 550 10.838 49 95.6
14 56.606 – 56.635 35.13 121.1 European 551 0.129 1 1.1
14 77.854 – 78.765 18.58 122 European 552 1.011 4 8.9
14 82.299 – 83.143 17.95 123 European 553 0.944 1 8.3
15 22.791 – 22.883 15 124 European 554 0.192 4 1.7
15 37.954 – 40.317 17.3 125 European 555 2.463 22 21.7
15 49.572 – 49.658 20.84 126 European 556 0.186 9 1.6
15 65.642 – 67.709 15.75 127 European 557 2.167 15 19.1
15 81.23 – 81.584 15.84 128 European 558 0.454 8 4.0
16 4.155 – 4.544 11.9 129 European 559 0.489 11 4.3
16 22.516 – 26.994 31.1 130 European 560 4.578 23 40.4
16 40.256 – 50.551 75.45 131 European 561 10.395 114 91.7
16 44.151 – 46.579 75.45 131.1 European 562 2.528 28 22.3
16 59.301 – 77.398 25.16 132 European 563 18.197 117 160.5
16 61.463 – 65.401 25.16 132.1 European 564 4.038 31 35.6
17 10.967 – 12.245 24.37 133 European 565 1.378 5 12.2
17 18.217 – 22.385 23.26 134 European 566 4.268 15 37.6
17 32.527 – 32.59 18.37 135 European 567 0.163 0 1.4
17 38.001 – 42.744 30.93 136 European 568 4.843 12 42.7
17 55.98 – 58.536 23.51 137 European 569 2.656 39 23.4
17 67.309 – 74.982 26.58 138 European 570 7.773 188 68.5
17 69.602 – 69.797 26.58 138.1 European 571 0.295 2 2.6
18 11.585 – 18.114 79.74 139 European 572 6.629 85 58.5
18 13.273 – 16.736 79.74 139.1 European 573 3.563 64 31.4
18 35.812 – 38.324 19.52 140 European 574 2.612 28 23.0
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18 48.294 – 48.538 15.78 141 European 575 0.344 14 3.0
18 51.05 – 60.775 25.01 142 European 576 9.825 385 86.6
19 9.739 – 10.671 10.13 143 European 577 1.032 18 9.1
19 24.357 – 28.645 20.55 144 European 578 4.388 177 38.7
19 26.088 – 27.37 20.55 144.1 European 579 1.382 37 12.2
19 32.102 – 41.625 32.59 145 European 580 9.623 230 84.9
19 36.728 – 37.693 32.59 145.1 European 581 1.065 30 9.4
19 51.718 – 55.512 37.47 146 European 582 3.894 63 34.3
19 59.282 – 59.718 15.57 147 European 583 0.536 1 4.7
20 1.322 – 5.714 24.3 148 European 584 4.492 35 39.6
20 14.161 – 17.078 13.16 149 European 585 3.017 13 26.6
20 22.67 – 25.9 39.44 150 European 586 3.33 29 29.4
20 30.399 – 34.409 46.04 151 European 587 4.11 28 36.2
20 56.581 – 57.877 11.72 152 European 588 1.396 5 12.3
20 69.18 – 71.982 16.26 153 European 589 2.902 28 25.6
21 1.25 – 6.034 32.2 154 European 590 4.884 13 43.1
21 13.631 – 18.434 32.09 155 European 591 4.903 11 43.2
21 29.458 – 34.995 34.43 156 European 592 5.637 72 49.7
21 42.671 – 49.143 33.24 157 European 593 6.572 32 58.0
21 55.636 – 61.068 12.27 158 European 594 5.532 75 48.8
21 67.552 – 71.465 21.85 159 European 595 4.013 103 35.4
22 2.152 – 5.254 12.71 160 European 596 3.202 9 28.2
22 8.254 – 9.064 12.33 161 European 597 0.91 0 8.0
22 11.901 – 14.14 12.46 162 European 598 2.339 27 20.6
22 22.987 – 25.437 28.73 163 European 599 2.55 6 22.5
22 32.887 – 34.114 25.43 164 European 600 1.327 4 11.7
22 49.228 – 51.087 16.88 165 European 601 1.959 68 17.3
22 54.472 – 57.284 15.92 166 European 602 2.912 38 25.7
23 10.983 – 15.061 19.3 167 European 603 4.178 29 36.8
23 19.179 – 20.218 16.02 168 European 604 1.139 13 10.0
23 33.349 – 33.529 15.14 169 European 605 0.28 1 2.5
23 49.257 – 52.114 13.1 170 European 606 2.957 32 26.1
24 0.192 – 4.552 29.87 171 European 607 4.46 27 39.3
24 8.31 – 10.343 11.24 172 European 608 2.133 4 18.8
24 20.663 – 25.475 11.13 173 European 609 4.912 25 43.3
24 29.465 – 33.11 20.93 174 European 610 3.745 16 33.0
24 35.71 – 43.952 28.93 175 European 611 8.342 63 73.6
24 39.923 – 40.305 28.93 175.1 European 612 0.482 1 4.3
24 54.449 – 59.598 19.41 176 European 613 5.249 24 46.3
25 2.079 – 8.78 18.63 177 European 614 6.801 95 60.0
25 7.084 – 7.355 18.63 177.1 European 615 0.371 0 3.3
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25 25.159 – 29.024 22.85 178 European 616 3.965 136 35.0
25 38.007 – 42.264 25.16 179 European 617 4.357 73 38.4
26 0.123 – 1.46 13.77 180 European 618 1.437 5 12.7
26 4.731 – 5.376 10.6 181 European 619 0.745 1 6.6
26 11.847 – 14.362 11.13 182 European 620 2.615 18 23.1
26 19.277 – 26.716 32.66 183 European 621 7.539 115 66.5
26 23.336 – 25.041 32.66 183.1 European 622 1.805 30 15.9
26 33.812 – 49.103 21.42 184 European 623 15.391 100 135.7
27 1.251 – 5.407 13.74 185 European 624 4.256 24 37.5
27 15.488 – 19.423 24.7 186 European 625 4.035 25 35.6
27 22.604 – 27.653 22.5 187 European 626 5.149 28 45.4
27 32.963 – 35.389 22.93 188 European 627 2.526 27 22.3
28 1.522 – 2.197 15.13 189 European 628 0.775 1 6.8
28 5.25 – 5.901 18.03 190 European 629 0.751 5 6.6
28 8.469 – 9.658 15.87 191 European 630 1.289 9 11.4
28 27.696 – 32.681 23.65 192 European 631 5.085 54 44.8
28 27.985 – 31.085 23.65 192.1 European 632 3.2 46 28.2
28 39.11 – 45.701 13.73 193 European 633 6.691 65 59.0
29 0.28 – 2.675 11.07 194 European 634 2.495 14 22.0
29 6.69 – 10.268 15.5 195 European 635 3.678 20 32.4
29 7.314 – 9.208 15.5 195.1 European 636 1.994 10 17.6
29 14.267 – 17.471 17.48 196 European 637 3.304 3 29.1
29 26.433 – 28.702 11.68 197 European 638 2.369 95 20.9
29 36.642 – 51.482 31.3 198 European 639 14.94 404 131.7
29 38.767 – 43.023 31.3 198.1 European 640 4.356 114 38.4
1 1.915 – 2.401 6 1 Fleckvieh 641 0.586 6 5.2
1 19.647 – 21.602 5 2 Fleckvieh 642 2.055 7 18.1
1 25.685 – 26.915 5 3 Fleckvieh 643 1.33 1 11.7
1 33.36 – 35.213 5 4 Fleckvieh 644 1.953 5 17.2
1 56.375 – 56.46 6 5 Fleckvieh 645 0.185 1 1.6
1 122.397 – 124.645 5 6 Fleckvieh 646 2.348 6 20.7
1 141.931 – 142 6 7 Fleckvieh 647 0.169 1 1.5
2 12.205 – 12.289 6 8 Fleckvieh 648 0.184 0 1.6
2 49.274 – 50.271 5 9 Fleckvieh 649 1.097 1 9.7
2 71.545 – 73.352 6 10 Fleckvieh 650 1.907 13 16.8
2 99.904 – 100.084 6 11 Fleckvieh 651 0.28 1 2.5
3 55.031 – 57.433 5 12 Fleckvieh 652 2.502 13 22.1
3 76.421 – 78.686 8 13 Fleckvieh 653 2.365 13 20.9
3 109 – 109.583 6 14 Fleckvieh 654 0.683 3 6.0
4 3.739 – 4.523 6 15 Fleckvieh 655 0.884 1 7.8
4 49.891 – 54.485 8 16 Fleckvieh 656 4.694 26 41.4
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4 88.28 – 89.385 8 17 Fleckvieh 657 1.205 10 10.6
4 111 – 112.772 5 18 Fleckvieh 658 1.872 3 16.5
5 68.47 – 70.923 5 19 Fleckvieh 659 2.553 18 22.5
6 70.861 – 73.073 8 20 Fleckvieh 660 2.312 16 20.4
7 15.247 – 15.331 6 21 Fleckvieh 661 0.184 3 1.6
7 43.711 – 43.81 6 22 Fleckvieh 662 0.199 6 1.8
7 58.881 – 60.389 6 23 Fleckvieh 663 1.608 10 14.2
7 94.467 – 95.96 5 24 Fleckvieh 664 1.593 2 14.0
8 108 – 108.061 6 25 Fleckvieh 665 0.161 1 1.4
9 43.46 – 45.673 6 26 Fleckvieh 666 2.313 15 20.4
9 75.889 – 75.892 6 27 Fleckvieh 667 0.103 2 0.9
9 103.603 – 105.371 5 28 Fleckvieh 668 1.868 14 16.5
10 43.657 – 43.787 6 29 Fleckvieh 669 0.23 3 2.0
10 97.287 – 97.741 6 30 Fleckvieh 670 0.554 1 4.9
11 98.618 – 101.184 6 31 Fleckvieh 671 2.666 62 23.5
11 104 – 104.346 6 32 Fleckvieh 672 0.446 17 3.9
12 15.563 – 20.064 5 33 Fleckvieh 673 4.601 39 40.6
14 23.629 – 26.15 8 34 Fleckvieh 674 2.621 21 23.1
14 42.224 – 42.857 6 35 Fleckvieh 675 0.733 3 6.5
14 57.65 – 58.196 5 36 Fleckvieh 676 0.646 2 5.7
15 68.059 – 68.945 5 37 Fleckvieh 677 0.986 0 8.7
16 43.841 – 46.998 8 38 Fleckvieh 678 3.257 34 28.7
17 20.444 – 20.478 8 39 Fleckvieh 679 0.134 0 1.2
17 39.679 – 40.044 6 40 Fleckvieh 680 0.465 1 4.1
17 48.687 – 48.809 6 41 Fleckvieh 681 0.222 1 2.0
18 14.826 – 14.931 6 42 Fleckvieh 682 0.205 7 1.8
18 36.144 – 36.176 6 43 Fleckvieh 683 0.132 2 1.2
20 3.802 – 3.809 6 44 Fleckvieh 684 0.107 1 0.9
20 21.253 – 21.282 6 45 Fleckvieh 685 0.129 0 1.1
21 13.295 – 14.877 5 46 Fleckvieh 686 1.682 6 14.8
21 19.353 – 21.555 5 47 Fleckvieh 687 2.302 44 20.3
21 32.012 – 32.479 8 48 Fleckvieh 688 0.567 4 5.0
22 31.64 – 32.753 8 49 Fleckvieh 689 1.213 8 10.7
23 12.416 – 13.484 8 50 Fleckvieh 690 1.168 9 10.3
24 31.312 – 31.598 6 51 Fleckvieh 691 0.386 0 3.4
25 23.943 – 25.987 5 52 Fleckvieh 692 2.144 10 18.9
25 30.325 – 31.82 5 53 Fleckvieh 693 1.595 1 14.1
25 40.22 – 42.035 6 54 Fleckvieh 694 1.915 24 16.9
26 46.557 – 47.982 8 55 Fleckvieh 695 1.525 8 13.4
27 18.019 – 19.223 5 56 Fleckvieh 696 1.304 16 11.5
27 34.34 – 36.838 6 57 Fleckvieh 697 2.598 21 22.9
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28 3.878 – 5.901 8 58 Fleckvieh 698 2.123 9 18.7
1 138.125 – 139.206 3.83 1 Gir 699 1.181 5 10.4
2 71.125 – 71.544 3.87 2 Gir 700 0.519 5 4.6
5 24.78 – 26.175 3.87 3 Gir 701 1.495 34 13.2
5 45.778 – 51.302 4.7 4 Gir 702 5.624 32 49.6
5 56.25 – 58.707 3.83 5 Gir 703 2.557 109 22.5
5 67.598 – 72.294 4.7 6 Gir 704 4.796 45 42.3
7 44.95 – 45.509 3.87 7 Gir 705 0.659 43 5.8
7 48.95 – 48.95 3.83 8 Gir 706 0.1 4 0.9
7 52.221 – 52.45 3.83 9 Gir 707 0.329 10 2.9
10 58.582 – 59.125 3.87 10 Gir 708 0.643 8 5.7
13 45.394 – 46.65 3.83 11 Gir 709 1.356 7 12.0
14 8.089 – 9.15 3.88 12 Gir 710 1.161 7 10.2
15 30.025 – 31.343 3.87 13 Gir 711 1.418 31 12.5
16 42.793 – 44.8 4.7 14 Gir 712 2.107 33 18.6
16 47.6 – 47.742 3.88 15 Gir 713 0.242 10 2.1
18 12.36 – 16.309 4.71 16 Gir 714 4.049 69 35.7
29 44.635 – 46.75 3.83 17 Gir 715 2.215 92 19.5
16 50.551 – 52.639 5 1 Hanwoo 716 2.188 67 19.3
17 69.797 – 69.995 5 2 Hanwoo 717 0.298 1 2.6
18 14.687 – 15.75 6 3 Hanwoo 718 1.163 23 10.3
1 66.931 – 67.492 4.15 1 Hereford 719 0.661 11 5.8
2 31.287 – 36.763 4.93 2 Hereford 720 5.576 24 49.2
2 68.585 – 69.528 4.77 3 Hereford 721 1.043 0 9.2
6 70.761 – 73.6 6.77 4 Hereford 722 2.939 25 25.9
6 77.655 – 79.977 4.77 5 Hereford 723 2.422 1 21.4
14 1.8 – 1.8 4.49 6 Hereford 724 0.1 10 0.9
14 8.089 – 10.24 3.26 7 Hereford 725 2.251 18 19.8
14 24.997 – 26.127 3.93 8 Hereford 726 1.23 9 10.8
14 84.194 – 84.616 3.77 9 Hereford 727 0.522 3 4.6
16 43.292 – 48.326 6.26 10 Hereford 728 5.134 61 45.3
1 10.468 – 12.862 5.22 1 Holstein 729 2.494 1 22.0
1 28.821 – 29.36 5.75 2 Holstein 730 0.639 1 5.6
1 32.079 – 35.014 8.97 3 Holstein 731 3.035 6 26.8
1 75.201 – 80.442 11.13 4 Holstein 732 5.341 21 47.1
1 83.768 – 84.241 6.06 5 Holstein 733 0.573 9 5.1
1 115.753 – 117.585 3.75 6 Holstein 734 1.932 9 17.0
1 147.641 – 148.515 3.75 7 Holstein 735 0.974 13 8.6
2 3.673 – 6.217 4.69 8 Holstein 736 2.644 27 23.3
2 21.399 – 23.686 5 9 Holstein 737 2.387 15 21.0
2 26.883 – 27.859 6.75 10 Holstein 738 1.076 8 9.5
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2 67.516 – 69.251 3.75 11 Holstein 739 1.835 1 16.2
2 74.194 – 78.434 8.28 12 Holstein 740 4.34 4 38.3
2 91.25 – 94.072 3.8 13 Holstein 741 2.922 16 25.8
2 125.019 – 126.051 13.13 14 Holstein 742 1.132 23 10.0
2 128.915 – 134.055 15.07 15 Holstein 743 5.24 87 46.2
3 8.814 – 11.595 3.8 16 Holstein 744 2.881 68 25.4
3 16.686 – 17.832 3.8 17 Holstein 745 1.246 33 11.0
3 40.951 – 43.051 3.75 18 Holstein 746 2.2 10 19.4
3 53.853 – 55.074 5 19 Holstein 747 1.321 21 11.6
3 63.02 – 63.964 4.75 20 Holstein 748 1.044 3 9.2
3 68.618 – 71.7 4 21 Holstein 749 3.182 14 28.1
3 84.395 – 84.921 3.75 22 Holstein 750 0.626 4 5.5
3 90.704 – 92.763 6.8 23 Holstein 751 2.159 23 19.0
4 12.069 – 13.099 5.07 24 Holstein 752 1.13 8 10.0
4 36.012 – 38.463 3.75 25 Holstein 753 2.551 5 22.5
4 51.928 – 53.896 4.8 26 Holstein 754 2.068 8 18.2
4 56.476 – 57.121 3.75 27 Holstein 755 0.745 5 6.6
4 63.77 – 65.706 6.8 28 Holstein 756 2.036 12 18.0
4 77.207 – 80.489 9.8 29 Holstein 757 3.382 36 29.8
4 96.17 – 100.161 5.75 30 Holstein 758 4.091 21 36.1
5 16.979 – 18.587 4.91 31 Holstein 759 1.708 5 15.1
5 56.342 – 58.48 3.69 32 Holstein 760 2.238 97 19.7
5 71.932 – 72.689 6 33 Holstein 761 0.857 5 7.6
5 96.43 – 107.978 9.8 34 Holstein 762 11.648 210 102.7
5 98.837 – 101.69 9.8 34.1 Holstein 763 2.953 69 26.0
5 114.543 – 115.171 3.75 35 Holstein 764 0.728 12 6.4
6 8.618 – 9.3 5 36 Holstein 765 0.782 1 6.9
6 15.891 – 17.759 3.75 37 Holstein 766 1.968 19 17.4
6 37.791 – 39.134 6.64 38 Holstein 767 1.443 13 12.7
6 63.166 – 65.579 3.75 39 Holstein 768 2.513 8 22.2
6 70.074 – 72.652 6.7 40 Holstein 769 2.678 19 23.6
6 75.663 – 77.016 4.8 41 Holstein 770 1.453 0 12.8
6 84.174 – 87.245 8.91 42 Holstein 771 3.171 36 28.0
6 96.777 – 97.874 4.8 43 Holstein 772 1.197 4 10.6
6 114.709 – 119.19 6.39 44 Holstein 773 4.581 30 40.4
7 30.469 – 32.092 3.22 45 Holstein 774 1.723 7 15.2
7 39.409 – 50.418 6.8 46 Holstein 775 11.109 245 98.0
7 45.412 – 45.456 6.8 46.1 Holstein 776 0.144 8 1.3
7 61.22 – 63.319 3.75 47 Holstein 777 2.199 26 19.4
7 71.293 – 74.89 8.8 48 Holstein 778 3.697 22 32.6
7 95.9 – 97.343 4 49 Holstein 779 1.543 10 13.6
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8 29.987 – 32.086 4.8 50 Holstein 780 2.199 6 19.4
8 61.601 – 64.077 3.8 51 Holstein 781 2.576 38 22.7
8 70.337 – 73.6 5.54 52 Holstein 782 3.363 35 29.7
8 78.61 – 79.677 4.75 53 Holstein 783 1.167 5 10.3
8 92.009 – 94.99 5.75 54 Holstein 784 3.081 14 27.2
8 107.736 – 108.384 3.8 55 Holstein 785 0.748 1 6.6
9 6.536 – 6.849 3.75 56 Holstein 786 0.413 1 3.6
9 23.17 – 25.387 3.75 57 Holstein 787 2.317 20 20.4
9 52.549 – 52.743 3.75 58 Holstein 788 0.294 0 2.6
9 72.202 – 73.393 5.75 59 Holstein 789 1.291 6 11.4
9 80.96 – 83.837 3.75 60 Holstein 790 2.977 15 26.3
9 87.451 – 89 10.75 61 Holstein 791 1.649 24 14.5
9 87.451 – 91.718 10.75 61.1 Holstein 792 4.367 45 38.5
9 101.824 – 103.686 5.75 62 Holstein 793 1.962 12 17.3
10 12.883 – 15.536 7.07 63 Holstein 794 2.753 22 24.3
10 38.031 – 53.407 11.32 64 Holstein 795 15.476 97 136.5
10 46.73 – 53.407 11.32 64.1 Holstein 796 6.777 31 59.8
10 56.297 – 56.757 11.32 65 Holstein 797 0.56 2 4.9
10 63.343 – 63.499 4.89 66 Holstein 798 0.256 0 2.3
10 66.639 – 73.965 13.13 67 Holstein 799 7.426 61 65.5
10 91.97 – 93.438 3.75 68 Holstein 800 1.568 6 13.8
11 18.897 – 21.374 3.75 69 Holstein 801 2.577 26 22.7
11 85.936 – 87.284 4.06 70 Holstein 802 1.448 14 12.8
12 15.688 – 16.03 5.07 71 Holstein 803 0.442 3 3.9
13 1.321 – 2.373 4.8 72 Holstein 804 1.152 2 10.2
13 4.941 – 6.402 10.07 73 Holstein 805 1.561 2 13.8
13 30.878 – 33.015 3.75 74 Holstein 806 2.237 12 19.7
13 45.99 – 48.486 10 75 Holstein 807 2.596 21 22.9
13 54.03 – 56.19 11.8 76 Holstein 808 2.26 69 19.9
13 62.643 – 63.015 5 77 Holstein 809 0.472 11 4.2
14 1.709 – 5.953 11.85 78 Holstein 810 4.344 80 38.3
14 2.581 – 3.957 11.85 78.1 Holstein 811 1.476 22 13.0
14 8.828 – 12.684 8.8 79 Holstein 812 3.956 20 34.9
14 19.673 – 29.902 11.64 80 Holstein 813 10.329 55 91.1
14 32.848 – 37.061 3.8 81 Holstein 814 4.313 19 38.0
14 44.791 – 47.202 4.95 82 Holstein 815 2.511 15 22.1
15 29.427 – 31.874 3.75 83 Holstein 816 2.547 50 22.5
16 4.155 – 6.619 3.75 84 Holstein 817 2.564 33 22.6
16 21.709 – 24.727 3.97 85 Holstein 818 3.118 13 27.5
16 42.593 – 45.65 8.75 86 Holstein 819 3.157 47 27.8
16 65.006 – 65.313 5.75 87 Holstein 820 0.407 7 3.6
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16 68.923 – 69.525 4.8 88 Holstein 821 0.702 7 6.2
16 72.322 – 77.335 11.07 89 Holstein 822 5.113 37 45.1
17 2.608 – 5.549 5.75 90 Holstein 823 3.041 19 26.8
17 9.185 – 14.191 9.07 91 Holstein 824 5.106 21 45.0
18 11.678 – 15.659 8.7 92 Holstein 825 4.081 76 36.0
18 12.364 – 15.659 8.7 92.1 Holstein 826 3.395 68 29.9
18 25.346 – 26.409 4.91 93 Holstein 827 1.163 30 10.3
18 57.438 – 60.468 6.13 94 Holstein 828 3.13 100 27.6
19 18.157 – 18.42 3.75 95 Holstein 829 0.363 9 3.2
19 28.312 – 28.645 3.8 96 Holstein 830 0.433 21 3.8
20 22.67 – 28.214 9.21 97 Holstein 831 5.644 35 49.8
20 25.134 – 27.402 9.21 97.1 Holstein 832 2.368 7 20.9
20 31.086 – 35.72 15.63 98 Holstein 833 4.734 31 41.7
20 38.53 – 40.708 5 99 Holstein 834 2.278 15 20.1
20 43.597 – 47.353 4.95 100 Holstein 835 3.856 2 34.0
21 5.807 – 7.756 5.75 101 Holstein 836 2.049 12 18.1
21 12.296 – 16.272 6.8 102 Holstein 837 4.076 10 35.9
21 48.245 – 49.143 6 103 Holstein 838 0.998 4 8.8
21 67.552 – 70.566 3.75 104 Holstein 839 3.114 75 27.5
22 11.078 – 14.991 8.75 105 Holstein 840 4.013 41 35.4
22 21.67 – 25.34 5.75 106 Holstein 841 3.77 10 33.2
24 33.11 – 38.159 9.06 107 Holstein 842 5.149 42 45.4
24 35.71 – 38.159 9.06 107.1 Holstein 843 2.549 19 22.5
24 43.099 – 46.054 5 108 Holstein 844 3.055 31 26.9
24 53.228 – 56.416 6.75 109 Holstein 845 3.288 12 29.0
26 20.287 – 24.29 8.69 110 Holstein 846 4.103 80 36.2
26 38.924 – 38.98 5 111 Holstein 847 0.156 1 1.4
27 24.349 – 25.186 3.75 112 Holstein 848 0.937 5 8.3
28 7.465 – 8.591 3.75 113 Holstein 849 1.226 10 10.8
29 36.642 – 45.572 5.75 114 Holstein 850 9.03 270 79.6
6 37.995 – 40.449 5.26 1 Jersey 851 2.554 11 22.5
6 103.685 – 106.953 3.8 2 Jersey 852 3.368 27 29.7
7 41.989 – 45.634 7.45 3 Jersey 853 3.745 130 33.0
12 1.275 – 2.611 3.8 4 Jersey 854 1.436 2 12.7
16 43.256 – 47.443 5 5 Jersey 855 4.287 41 37.8
20 22.15 – 25.9 4.45 6 Jersey 856 3.85 33 33.9
2 4.389 – 6.925 8 1 Limousin 857 2.636 32 23.2
14 1.8 – 1.8 4.1 2 Limousin 858 0.1 10 0.9
14 20.565 – 25.501 5 3 Limousin 859 5.036 38 44.4
16 43.256 – 45.65 4.9 4 Limousin 860 2.494 31 22.0
18 14.758 – 14.845 4.15 5 Limousin 861 0.187 11 1.6
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19 37.411 – 39.236 4.15 6 Limousin 862 1.925 47 17.0
1 75.588 – 77.485 3.6 1 Piedmontese 863 1.997 11 17.6
2 5.37 – 9.633 5.2 2 Piedmontese 864 4.363 29 38.5
2 12.205 – 12.205 3.2 3 Piedmontese 865 0.1 0 0.9
6 37.984 – 38.914 3.6 4 Piedmontese 866 1.03 11 9.1
11 66.789 – 69.103 3.6 5 Piedmontese 867 2.414 27 21.3
14 1.789 – 1.789 3.2 6 Piedmontese 868 0.1 10 0.9
14 14.16 – 14.16 3.6 7 Piedmontese 869 0.1 0 0.9
14 64.037 – 64.298 3.6 8 Piedmontese 870 0.361 3 3.2
18 13.974 – 15.81 3.6 9 Piedmontese 871 1.936 51 17.1
5 80.542 – 80.873 3.2 1 Romagnola 872 0.431 5 3.8
6 37.707 – 39.533 3.2 2 Romagnola 873 1.926 15 17.0
6 42.714 – 44.395 3.2 3 Romagnola 874 1.781 4 15.7
10 12.744 – 13.991 3.2 4 Romagnola 875 1.347 12 11.9
14 54.439 – 54.587 3.2 5 Romagnola 876 0.248 0 2.2
14 57.19 – 57.332 3.2 6 Romagnola 877 0.242 3 2.1
18 14.293 – 18.112 3.2 7 Romagnola 878 3.919 46 34.6
20 32.849 – 33.527 3.2 8 Romagnola 879 0.778 5 6.9
7 50.829 – 52.55 6 1 Simmental 880 1.821 37 16.1
10 30.633 – 30.633 6 2 Simmental 881 0.1 0 0.9
13 12.076 – 12.38 6 3 Simmental 882 0.404 5 3.6
17 13.196 – 13.392 6 4 Simmental 883 0.296 3 2.6
28 28.743 – 30.596 6 5 Simmental 884 1.953 29 17.2
1 37.869 – 38.308 3.77 1 Zebu 885 0.539 4 4.8
1 138.125 – 139.68 5.64 2 Zebu 886 1.655 6 14.6
2 65.472 – 72.608 8.56 3 Zebu 887 7.236 28 63.8
4 46.743 – 46.95 3.95 4 Zebu 888 0.307 5 2.7
5 24.78 – 26.175 6.07 5 Zebu 889 1.495 34 13.2
5 40.709 – 51.675 12.51 6 Zebu 890 11.066 70 97.6
5 55.966 – 59.268 7.55 7 Zebu 891 3.402 141 30.0
5 67.598 – 74.302 6.52 8 Zebu 892 6.804 54 60.0
6 61.987 – 68.291 4.47 9 Zebu 893 6.404 28 56.5
6 77.393 – 78.264 3.77 10 Zebu 894 0.971 0 8.6
7 21.308 – 22.725 3.95 11 Zebu 895 1.517 63 13.4
7 44.95 – 48.95 6.64 12 Zebu 896 4.1 92 36.2
7 51.748 – 56.027 7.55 13 Zebu 897 4.379 89 38.6
8 0.125 – 0.292 4.08 14 Zebu 898 0.267 1 2.4
8 53.575 – 54.042 4.68 15 Zebu 899 0.567 4 5.0
8 59.16 – 62.549 3.65 16 Zebu 900 3.489 71 30.8
8 70.09 – 73.661 5.77 17 Zebu 901 3.671 41 32.4
9 25.867 – 26.525 3.95 18 Zebu 902 0.758 5 6.7
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9 49.168 – 50.018 3.6 19 Zebu 903 0.95 5 8.4
10 58.582 – 60.588 6.77 20 Zebu 904 2.106 21 18.6
12 28.716 – 29.225 4.68 21 Zebu 905 0.609 5 5.4
13 24.03 – 25.324 5.59 22 Zebu 906 1.394 7 12.3
13 40.808 – 42.362 3.85 23 Zebu 907 1.654 11 14.6
13 45.394 – 52.9 5.99 24 Zebu 908 7.606 90 67.1
13 75.555 – 78.05 4.08 25 Zebu 909 2.595 21 22.9
14 8.089 – 9.15 7.95 26 Zebu 910 1.161 7 10.2
14 16.77 – 17.613 3.73 27 Zebu 911 0.943 10 8.3
14 24.951 – 27.432 6.83 28 Zebu 912 2.581 16 22.8
14 42.249 – 42.249 3.95 29 Zebu 913 0.1 0 0.9
14 44.791 – 45.958 3.95 30 Zebu 914 1.267 7 11.2
14 54.587 – 54.587 4.95 31 Zebu 915 0.1 0 0.9
14 61.443 – 61.443 3.95 32 Zebu 916 0.1 1 0.9
14 64.298 – 66.855 6.95 33 Zebu 917 2.657 17 23.4
15 30.025 – 31.343 5.69 34 Zebu 918 1.418 31 12.5
15 71.516 – 72.722 3.77 35 Zebu 919 1.306 1 11.5
16 40.432 – 49.045 8.48 36 Zebu 920 8.713 94 76.8
16 58.331 – 60.519 4.73 37 Zebu 921 2.288 5 20.2
17 56.871 – 59.57 4.6 38 Zebu 922 2.799 26 24.7
18 11.335 – 16.736 10.66 39 Zebu 923 5.501 80 48.5
19 43.606 – 45.15 6 40 Zebu 924 1.644 52 14.5
20 22.005 – 22.823 6.57 41 Zebu 925 0.918 5 8.1
20 48.242 – 50.72 5.04 42 Zebu 926 2.578 1 22.7
21 0.084 – 2.373 4.68 43 Zebu 927 2.389 5 21.1
21 32.294 – 34.636 4.37 44 Zebu 928 2.442 40 21.5
21 44.647 – 45.887 4.73 45 Zebu 929 1.34 13 11.8
24 42.9 – 45.371 3.64 46 Zebu 930 2.571 28 22.7
29 44.635 – 46.75 3.83 47 Zebu 931 2.215 92 19.5
Table S2.4
List of regions under selection, validated across multiple studies, based on 
Meta-assembly of groups and breeds.
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Figure S2.1A: Bovine population in top 20 countries (Brazil to Myanmar) of the World in 2010-11 (pie 
chart) and population trends in the past 50 years (trend lines). Worldwide cattle population has 
increased from 930 to 1430 million heads (~ 50%) during the past 5 decades.  
(Source: FAOSTAT (http://faostat.fao.org/site/573/DesktopDefault.aspx?PageID=573#ancor Updated: 
16 January 2013, Accessed: 08 July 2013) 
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Figure S2.1B: Bovine milk production in top 20 countries (USA to Colombia) of the World in 2010-11 
(pie chart) and population trends in the past 50 years (trend lines). Worldwide cattle milk production 
has increased from ~ 300 to 600 million tonnes (~ 100%) during the past 5 decades.  
(Source: FAOSTAT (http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor Updated: 
16 January 2013, Accessed: 08 July 2013) 
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Figure S2.1C: Bovine beef production in top 20 countries (USA to Spain) of the World in 2010-11 (pie 
chart) and population trends in the past 50 years (trend lines). Worldwide cattle meat (beef) 
production has increased from ~ 300 to 600 million tonnes (~ 100%) during the past 5 decades.   
(Source: FAOSTAT (http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor Updated: 
16 January 2013, Accessed: 08 July 2013) 
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Figure S2.1D: Bovine Hide Production (Tonnes) in top 20 countries (China to Kenya) of the World in 
2010-11 (pie chart) and population trends in the past 50 years (trend lines). Worldwide cattle hide 
production has increased from ~ 4 to ~8 million tonnes (~ 100%) during the past 5 decades.   
(Source: FAOSTAT (http://faostat.fao.org/site/569/DesktopDefault.aspx?PageID=569#ancor Updated: 
16 January 2013, Accessed: 08 July 2013) 
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 Figure S2.2: Chromosome-wise length (million base-pairs or Mbp) of bovine genome assemblies (Btau3.1, Btau4.0, Btau4.6 and UMD3.1) 
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Figure S2.2 Appendix of Chapter 2
 
 
 
 
 
 
 
 
Figure S3: Chromosome-wise (x-axis) SNP density (y-axis) of various genotyping Bovine SNPchip assays;  
A: 10K, B: BHMC (mapped on Btau 3.1 and Btau 4.0), C: 50K (from two version, v1 and v2) and D: Illumina’s 
800K and Affymetrix AFFXB1P (~700K but features for ~2.5 million SNPs). 
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A1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 ni DNA score (di )
1 60 0.4
2 1578 1.0
3 53 0.4
4 912 1.0
5 384 0.5
6 50 1.0
7 13501 0.9
8 2087 1.0
9 94 1.0
10 10 1.0
11 384 0.5
12 2106 1.0
13 63 0.4
14 810 0.7
15 2091 0.7
16 995 1.0
17 50 1.0
1 0.5 0
Holstein
Relationship Legend:
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S
t
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d
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Figure S2.4 Appendix of Chapter 2
B1 2 3 4 5 6 7 8 9 10 ni DNA score (di )
1 42 0.3
2 27 0.3
3 379 0.4
4 2510 0.7
5 379 0.4
6 31 0.3
7 44 0.3
8 232 0.4
9 2918 1.0
10 24 0.3
Relationship Legend:
1 0.5 0
S
t
u
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s
Studies
Angus
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Figure S2.5 Appendix of Chapter 2
Figure S2.6 Appendix of Chapter 2
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Additional file 1 
Table S1. The information about the breeds, animals and phenotype categories of cattle sample 
No Cattle Breeds Country of origin (and sampling, if different) Phenotype Categories Body size 
Geographic 
Categories 
Sample 
Size 
1  Angus Britain (USA and NZ) Poll, Normal muscle Small Europe 44 
2  Red Angus Britain  (USA) Poll, Normal muscle Small Europe 15 
3  Red Poll Britain (USA) Poll Small Europe 5 
4  Belted Galloway Britain Poll Medium Europe 4 
5  Galloway Britain Poll Medium Europe 4 
6  Murray Grey Australia (USA) Poll Medium - 5 
7  Romosinuano New World Spanish Poll, Normal muscle Small - 8 
8  Hereford Britain (USA, NZ) Normal muscle Medium Europe 31 
9  Limousin France (USA) Normal muscle Medium Europe 35 
10  Charolais France (Britain, USA) Normal muscle Large Europe 55 
11  Lincoln Red Britain  (USA) Normal muscle Large Europe 9 
12  Simmental Switzerland (USA) Normal muscle Large Europe 10 
13  Scottish Highland Britain  (and USA) Horn, Normal muscle Small Europe 9 
14  Texas Longhorn New World Spanish Horn, Normal muscle Medium - 10 
15  Baoule Burkina  Faso Horn, Normal muscle Medium Africa 29 
16  Chianina Italy (USA) Horn, Normal muscle Large Europe 8 
17  Maine Anjou France (and USA) Horn, Normal muscle Large Europe 21 
18  Romagnola Italy Horn, Normal muscle Large Europe 24 
19  Piedmontese Italy Horn, Double muscle Medium Europe 26 
20  Parthenais (Maraichine) France Double muscle Large Europe 19 
21  Belgian Blue Belgium (USA) Double muscle Large Europe 4 
22  Borgou Benin - - Africa 30 
23  Lagune Benin - - Africa 30 
24  NDama West Africa (Burkina Faso, Guinea and Gambia) - - Africa 61 
25  Oulmès Zaer Morocco - - Africa 26 
26  Sheko East Africa (Ethiopia) - - Africa 20 
27  Somba Togo - - Africa 30 
28  Abondance France - - Europe 22 
29  Aubrac France - - Europe 22 
30  Blonde dAquitaine France (USA) - - Europe 5 
31  Bretonne Black Pied France - - Europe 18 
32  Brown Swiss Switzerland (USA) - - Europe 41 
33  Devon Britain - - Europe 4 
34  Dexter Ireland (Britain) - - Europe 4 
Appendix of Chapter 3
313
Additional file 1 
No Cattle Breeds Country of origin (and sampling, if different) Phenotype Categories Body size 
Geographic 
Categories 
Sample 
Size 
35  Finnish Ayrshire Finland - - Europe 10 
36  French Red Pied Lowland France - - Europe 22 
37  Gascon France - - Europe 22 
38  Gelbvieh Germany (USA) - - Europe 8 
39  Guernsey Channel Islands  (UK, USA) - - Europe 21 
40  Holstein Netherlands (France, NZ and 
USA) 
- - Europe 80 
41  Jersey Channel Islands (France, 
USA and NZ) 
- - Europe 49 
42  Kerry Ireland (Britain) - - Europe 3 
43  Longhorn Britain - - Europe 3 
44  Marchigiana Italy (USA) - - Europe 5 
45  Montbeliarde France - - Europe 35 
46  Normande France - - Europe 31 
47  Norwegian Red Norway - - Europe 21 
48  Pinzgauer Austria (USA) - - Europe 5 
49  Salers France (and USA) - - Europe 27 
50  Shorthorn Britain  (USA) - - Europe 10 
51  South Devon Britain - - Europe 4 
52  Sussex Britain - - Europe 4 
53  Tarine Tarentaise France (and USA) - - Europe 23 
54  Vosgienne Vosges France - - Europe 19 
55  Welsh Black Britain - - Europe 2 
56  White Park Britain - - Europe 4 
 
NZ: New Zealand, UK: United Kingdom (Britain), USA: United States of America 
Appendix of Chapter 3
314
Additional file 2 
Table S2. The information about the breeds, animals and phenotype categories of sheep samples 
No. Sheep Breeds Phenotype Categories Sample Size 
1  Afec Assaf Poll, Normal muscle 24 
2  African Dorper Poll, Normal muscle 20 
3  African White Dorper Poll, Normal muscle 6 
4  Afshari Poll, Normal muscle 37 
5  Altamurana Horn, Normal muscle 24 
6  Arawapa Horn, Normal muscle 37 
7  Australian Coopworth Poll, Normal muscle 19 
8  Australian Industry Merino Horn, Normal muscle 86 
9  Australian Merino Horn, Normal muscle 50 
10  Australian Poll Dorset Poll, Normal muscle 105 
11  Australian Poll Merino Poll, Normal muscle 98 
12  Australian Suffolk Poll, Normal muscle 108 
13  Bangladeshi BGE Horn, Normal muscle 24 
14  Bangladeshi Garole Horn, Normal muscle 24 
15  Barbados Black Belly Poll, Normal muscle 24 
16  Border Leicester Poll, Normal muscle 47 
17  Boreray Horn, Normal muscle 17 
18  Brazilian Creole Horn, Normal muscle 23 
19  Castellana Horn, Normal muscle 23 
20  Changthangi Horn, Normal muscle 29 
21  Churra Horn, Normal muscle 119 
22  Comisana Poll, Normal muscle 24 
23  Cyprus Fat Tail Horn, Normal muscle 30 
24  Deccani Poll, Normal muscle 23 
25  Dorset Horn Horn, Normal muscle 21 
26  East Friesian Brown Poll, Normal muscle 39 
27  East Friesian White Poll, Normal muscle 9 
28  Egyptian Barki Horn, Normal muscle 13 
29  Engadine Red Sheep Poll, Normal muscle 24 
30  Ethiopian Menz Horn, Normal muscle 34 
31  Finnsheep Poll, Normal muscle 99 
32  Galway Poll, Normal muscle 49 
33  Garut Horn, Normal muscle 22 
34  German Texel Poll, Double muscle 46 
35  Gulf Coast Native Horn, Normal muscle 93 
36  Icelandic Horn, Normal muscle 16 
37  Improved Awassi Poll, Normal muscle 23 
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38  Indian Garole Horn, Normal muscle 26 
39  Irish Suffolk Poll, Normal muscle 49 
40  Karakas Poll, Normal muscle 17 
41  Leccese Horn, Normal muscle 24 
42  Local Awassi Horn, Normal muscle 24 
43  Macarthur Merino Horn, Normal muscle 10 
44  Meat Lacaune Poll, Normal muscle 78 
45  Merinolandschaf Poll, Normal muscle 24 
46  Milk Lacaune Poll, Normal muscle 103 
47  Moghani Poll, Normal muscle 34 
48  Morada Nova Poll, Normal muscle 22 
49  Namaqua Afrikaner Horn, Normal muscle 12 
50  New Zealand Romney Poll, Normal muscle 24 
51  New Zealand Texel Poll, Double muscle 23 
52  Norduz Horn, Normal muscle 20 
53  Ojalada Horn, Normal muscle 24 
54  Old Norwegian spaelsau Horn, Normal muscle 15 
55  Qezel Poll, Normal muscle 35 
56  Rambouillet Horn, Normal muscle 101 
57  Rasaaragonesa Poll, Normal muscle 22 
58  Red Maasai Horn, Normal muscle 44 
59  Ronderib Afrikaner Horn, Normal muscle 17 
60  Sakiz Horn, Normal muscle 22 
61  SantaInes Poll, Normal muscle 47 
62  Sardinian Ancestral Black Horn, Normal muscle 20 
63  Scottish Blackface Horn, Normal muscle 56 
64  Scottish Texel Poll, Double muscle 80 
65  Soay Horn, Normal muscle 110 
66  Spael-coloured Poll, Normal muscle 3 
67  Spael-white Poll, Normal muscle 32 
68  Sumatra Normal muscle 24 
69  SwissBlack-Brown Mountain Sheep Poll, Normal muscle 24 
70  Swiss Mirror Sheep Poll, Normal muscle 24 
71  Swiss White Alpine Sheep Poll, Normal muscle 24 
72  Tibetan Horn, Normal muscle 37 
73  Valais Red Sheep Horn, Normal muscle 23 
74  Wiltshire Horn, Normal muscle 20 
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Table S3. Chromosome wise information regarding genotyping data of cattle and sheep  
Chromosome  
CATTLE SHEEP 
Length a 
(Mbp) 
SNPs 
(N) 
Ancestral b 
Density (bp) c Length a 
(Mbp) 
SNPs 
(N) 
Density (bp) c 
Mean Maximum Mean Maximum 
1 159 2555 2550 61,874 1,160,151 300 5336 56,156 941,607 
2 138 2062 2058 66,108 1,715,336 264 5009 52,537 984,461 
3 122 1952 1947 62,058 1,610,036 243 4535 53,497 1,335,673 
4 122 1928 1925 62,474 624,584 128 2463 51,629 557,472 
5 122 1608 1596 74,398 988,849 117 2147 54,035 842,189 
6 120 1909 1906 62,391 1,601,814 130 2358 54,736 2,965,708 
7 114 1671 1667 67,285 3,404,489 109 2029 53,585 1,053,010 
8 114 1836 1830 61,586 650,324 98 1870 52,317 463,761 
9 107 1572 1566 66,537 932,818 101 1931 52,223 789,815 
10 105 1661 1658 62,201 3,259,342 95 1676 56,177 3,487,146 
11 108 1697 1689 63,075 799,678 67 1103 60,675 477,632 
12 92 1226 1225 72,793 4,498,320 87 1546 55,684 1,167,568 
13 85 1348 1344 62,212 1,958,406 90 1556 57,146 902,996 
14 86 1258 1251 66,134 3,618,794 70 1054 65,289 1,567,687 
15 86 1239 1236 67,665 1,072,079 91 1530 58,755 1,855,199 
16 83 1203 1199 66,632 2,397,240 78 1416 54,472 424,043 
17 76 1200 1196 62,458 839,722 79 1296 60,573 562,710 
18 67 966 962 67,447 1,106,253 73 1287 55,902 538,746 
19 65 1013 1011 62,086 544,787 65 1137 57,037 509,668 
20 73 1200 1194 59,712 559,097 56 1015 54,770 1,069,142 
21 73 1032 1027 66,222 502,239 56 799 69,095 2,422,034 
22 62 1004 1002 60,808 465,568 56 988 55,743 2,257,615 
23 54 793 792 65,311 1,145,617 67 1015 65,377 715,163 
24 64 964 963 64,447 577,231 45 669 66,283 343,630 
25 44 703 702 60,893 520,202 49 903 53,262 589,556 
26 53 802 800 63,560 760,661 51 834 59,809 1,691,855 
27 46 717 713 63,229 1,341,874 - - - - 
28 47 700 696 66,084 2,145,618 - - - - 
29 53 791 789 63,724 901,776 - - - - 
Total 
(Average) 
2540 
 
38610 
 
38494 
 
 
(64,531) 
 
(1,438,031) 
2665 
 
47502 
 
 
(51,268) 
 
(1,052,279) 
 
a Chromosomal length according to UMD3.1 Bovine genome assembly and OAR-V1 Ovine genome assembly respectively 
b Number of SNPs with their known Ancestral and Derived alleles (cattle only)  
c Average and maximum distance between consecutive SNPs on each autosome 
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Figure S1.   Manhattan plots of SNP-wise scores for each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔDAF) for polled cattle (dataset A). Gray dots in the background  show 
raw scores and blue and orange dots in the foreground  show smooth scores, averaged over SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold of top 0.1 
percentile of the genome-wide smoothed scores for each of the selection test statistics. Red square dots in each plot show the genome-wide highest raw signals. 
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Figure S2.   Manhattan plots of SNP-wise scores for each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔDAF) for double muscle cattle (dataset B). Gray dots in the background 
show raw scores and blue and orange dots in the foreground show smooth scores, averaged over SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold of top 0.1 
percentile of the genome-wide smoothed scores for each of the selection test statistics. Red square dots in each plot show the genome-wide highest raw signals. The square dots are in 
dark brown colour in B plot as the highest FST signals is more than 3 Mb upstream from the known candidate region on chromosome 2. 
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Figure S3.   Manhattan plots of SNP-wise scores for each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔSAF) for polled sheep (dataset C). Gray dots in the background show 
raw scores and blue and orange dots in the foreground show smooth scores, averaged over SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold of top 0.1 
percentile of the genome-wide smoothed scores for each of the selection test statistics. Red square dots in each plot show the genome-wide highest raw signals. 
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Figure S4.   Manhattan plots of SNP-wise scores for each selection test statistics (A: CSS, B: FST, C: XP-EHH, D: ΔSAF) for double muscle sheep (dataset D). Gray dots in the background 
show raw scores and blue and orange dots in the foreground show smooth scores, averaged over SNPs within 1 Mb sliding windows. Red dotted lines indicate a threshold of top 0.1 
percentile of the genome-wide smoothed scores for each of the selection test statistics. Red square dots in each plot show the genome-wide highest raw signals. The square dots are in 
dark brown colour in C and D plots where the highest XPEHH and ΔSAF signals are more than 3 Mb upstream and downstream, respectively, from the known candidate region on 
chromosome 2.  
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Figure S5.   Distribution of the number of SNPs in 1 Mb sliding windows in cattle (A) and sheep (B). Bars in A and B indicate the frequency of sliding windows containing various 
number of SNPs out of the genome-wide distribution, i.e., 38,610 SNPs of cattle and 47,502 SNPs of sheep data, respectively (details in Table 1, S3). The bars in red (black) colours show 
the mean ≈ median (mode) numbers as 17 (18) and 19 (20) of SNPs for cattle and sheep data, respectively.  
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Figure S6.   Genome-wide pairs plots (lower diagonals), histograms (diagonals) and correlations (upper diagonals) for constituent (XP-EHH, ΔSAF, FST) and composite selection signals 
(CSS) for polled (A), double muscle (B), cattle polledness (C) and double muscling (D) in sheep. 
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Table S4. Complete list of genomic regions and genes harbouring significant SNPs identified by four tests in four cohorts of cattle and sheep data. Cluster of minimum three significant SNPs within a window spanning 1 Mb genomic locations 
centred on a core SNP above the threshold (top 0.1%) in multiple tests (smoothed statistics) are reported and are compared with each other. 
Region a Chr 
Position b 
(Mb) 
Total SNPs c 
within the 
region 
Number of Significant SNPs in clusters 
(Boundaries of the cluster in Mb) 
Genes within the genomic regions d, known genes e are bold  
CSS XPEHH FST ΔDAF N Genes 
A1 1 1.01-2.63 14 
10* 
(1.51-2.13) 
9 
(1.51-1.90) 
1 
(1.63) 
- 15 
CRYZL1, DONSON, SON, GART, TMEM50B, IFNAR1, IL10RB, IFNAR2, 
OLIG1, C1H21orf62, GCFC1, SYNJ1, C1H21orf59, C1H21orf63, URB1 
A2 1 150.40-151.50 4 - - 
4 
(150.90-151.00) 
- 4 PIGP, TTC3, DSCR3, DYRK1A 
A3 4 64.05-65.22 3 - - - 
3 
(64.55-64.72) 
7 BMPER, MIR1814C, BBS9, NT5C3, FKBP9, KBTBD2, LSM5  
A4 4 69.45-71.59 22 - - 
22  
(69.95-71.09) 
- 10 
SKAP2, SNX10, CBX3, HNRNPA2B1, NFE2L3, MIR148A, NPVF, CYCS, 
OSBPL3, DFNA5 
A5 13 63.90-65.97 23 
18  
(64.40-65.47) 
23* 
(64.66-65.86) 
1  
(64.40) 
5  
(63.91-64.40) 
26 
RALY, EIF2S2, ASIP, AHCY, ITCH, DYNLRB1, MAP1LC3A, GGT7, ACSS2, 
GSS, MIR499, TRPC4AP, EDEM2, PROCR, EIF6, UQCC, GDF5, ERGIC3, 
SPAG4, CPNE1, RBM12, NFS1, ROMO1, RBM39, PHF20, SCAND1 
A6 14 17.91-19.10 5 - - - 
5 
(18.41-18.60) 
8 FBXO32, WDYHV1, ATAD2, ZHX1, C14H8orf76, WDR67, DERL1, ZHX2 
A7 14 23.78-25.61 11 
11  
(24.28-25.11) 
7  
(24.79-25.35) 
5* 
(24.52-24.79) 
10*  
(24.28-24.79) 
12 
SOX17, RP1, TMEM68, TGS1, LYN, RPS20, PLAG1, CHCHD7, SDR16C5, 
SDR16C6, PENK, IMPAD1 
A8 19 10.40-12.23 4 - - 
1  
(11.44) 
4  
(10.90-11.73) 
12 
GDPD1, YPEL2, DHX40, CLTC, PTRH2, VMP1, MIR21, TUBD1, RPS6KB1, 
RNFT1, TBX4, TBX2 
A9 25 42.27-43.35 3 - - 
3  
(42.77-42.85) 
- 9 
GPR146, MIR2389, MIR339, COX19, ADAP1, GET4, GET4, PRKAR1B, 
PDGFA 
B1 2 6.15-7.82 11 
10* 
(6.65-7.32) 
11* 
(6.18-7.32) 
3 
(6.70-6.79) 
- 9 
MSTN, PMS1, ORMDL1, OSGEPL1, ASNSD1, SLC40A1, WDR75, 
MIR2917, COL3A1 
B2 6 66.55-68.11 11 
11 
(67.05-67.61) 
8 
(67.11-67.42) 
- - 6 GABRA2, COX7B2, GABRA4, LOC536190, GABRB1, ATP10D, FRYLf 
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Region a Chr 
Position b 
(Mb) 
Total SNPs c 
within the 
region 
Number of Significant SNPs in clusters 
(Boundaries of the cluster in Mb) 
Genes within the genomic regions d, known genes e are bold  
CSS XPEHH FST ΔDAF N Genes 
B3 10 64.61-65.91 5 - - - 
5 
(65.11-65.41) 
12 
SQRDL, PLDN, C10H15orf48, MIR147, SPATA5L1, GATM, MIR2291, 
DUOX1, DUOXA1, SORD, FERMT2, DDHD1 
B4 11 48.00-49.30 3 - - - 
3 
(48.50-48.80) 
22 
RMND5A, RNF103, CHMP3, KDM3A, REEP1, MRPL35, IMMT, PTCD3, 
POLR1A, ST3GAL5, ATOH8, GNLY, LOC616323, SFTPB, USP39, 
C11H2orf68, TMEM150A, RNF181, VAMP5, VAMP8, GGCX, MAT2A 
B5 14 26.19-28.60 25 - - 
25* 
(26.69-28.10) 
- 7 UBXN2B, CYP7A1, SDCBP, TOX, CA8, RAB2A, CLVS1 
B6 16 44.49-46.05 11 
11 
(44.99-45.55) 
11 
(44.99-45.55) 
1 
(45.55) 
- 12 
NMNAT1, CTNNBIP1, PIK3CD, TMEM201, SLC25A33, SPSB1, MIR34A, 
SLC2A5, CA6, ENO1, SLC45A1, LOC786597 
B7 17 49.08-50.24 3 - - - 
3 
(49.58-49.74) 
2 GLT1D1, SLC15A4 
B8 18 13.34-15.03 12 
5 
(13.84-14.53) 
3 
(14.36-14.53) 
1 
(13.86) 
- 33 
SLC7A5, CA5A, BANP, CYBA, MVD, SNAI3, RNF166, CTU2, MIR2327, 
APRT, GALNS, TRAPPC2L, ACSF3, CDH15, SLC22A31, SPG7, RPL13, 
CPNE7, DPEP1, CHMP1A, CDK10, SPATA2L, FANCA, SPIRE2, SPIRE2, 
TCF25, MC1R, TUBB3, DEF8, DBNDD1, GAS8, SHCBP1, VPS35 
B9 20 30.65-31.80 3 - - - 
3 
(31.15-31.30) 
12 
FGF10, NNT, PAIP1, C20H5orf34, C20H5orf28, CCL28, HMGCS1, TRH, 
NIM1, ZNF131, ZNF131, SEPP1 
B10 21 46.23-47.38 3 - - - 
3 
(46.73-46.88) 
 BRMS1L, MBIP, NKX2-1, NKX2-8, PAX9, SLC25A21 
B11 22 46.16-47.40 6 - 
6 
(46.66-46.90) 
- - 1 CACNA2D3 
B12 26 19.11-20.51 7 - - - 
7 
(19.61-20.01) 
 
LOXL4, LOXL4, PYROXD2, MIR1287, HPS1, CNNM1, GOT1, NKX2-3, 
SLC25A28 
C1 1 202.19-203.86 3 - - - 
3 
(202.69-203.36) 
14 
ITGB5, HEG1, SLC12A8, ZNF148, SNX4, OSBPL11, IQCG, LRCH3, 
FYTTD1, KIAA0226, MUC4, TNK2, TFRC, ZDHHC19 
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Region a Chr 
Position b 
(Mb) 
Total SNPs c 
within the 
region 
Number of Significant SNPs in clusters 
(Boundaries of the cluster in Mb) 
Genes within the genomic regions d, known genes e are bold  
CSS XPEHH FST ΔDAF N Genes 
C2 3 172.57-174.00 6 - - - 
6 
(173.07-173.50) 
49 
XRCC6BP1, LOC100134274, CTDSP2, LOC645534, LOC645561, AVIL, 
TSFM, FAM119B, METTL1, CYP27B1, LOC100289240, LOC100289817, 
LOC100292982, CDK4, TSPAN31, AGAP2, LOC100130776, OS9, SVIP, 
B4GALNT1, LOC100293005, LOC100289202, LOC100289780, 
SLC26A10, GEFT, DTX3, PIP4K2C, KIF5A, DCTN2, MBD6, DDIT3, MARS, 
ARHGAP9, GLI1, INHBE, INHBC, R3HDM2, NXPH4, LRP1, STAT6, NAB2, 
TMEM194A, ZBTB39, GPR182, HSD17B6, PRIM1, NACA, NACA2, 
NACAP1, PTGES3 
C3 4 50.52-51.85 6 - - - 
6 
(51.02-51.35) 
16 
FLJ36031, PIK3CG, PRKAR2B, HBP1, COG5, GPR22, DUS4L, BCAP29, 
LOC286002, SLC26A4, LOC100128737, CBLL1, ZNF645, SLC26A3, DLD, 
LAMB1 
C4 10 24.84-27.59 5 - - 
5 
(25.34-27.09) 
- 18 
FAM48B1, FAM48B2, LOC100294444, EXOSC8, ALG5, SMAD9, RFXAP, 
C13orf36, CCNA1, SPG20, SOHLH2, LSM3, LOC647302, DCLK1, NBEA, 
MAB21L1, BCL8, C2orf27A 
C5 10 28.54-30.05 34 
26* 
(29.04-30.00) 
17* 
(29.04-29.55) 
34* 
(29.04-30.27) 
5* 
(29.14-29.74) 
9 
PDS5B, MDH1, N4BP2L2, N4BP2L1, ZAR1L, FRY, EEF1DP3, RXFP2, 
B3GALTL 
C6 10 38.86-40.90 21 - 
21 
(39.36-40.40) 
- - 2 LMLN, PCDH9 
C7 12 5.41-6.88 6 - - - 
6 
(5.91-6.38) 
1 KCNT2 
C8 13 66.97-68.50 9 
7 
(67.47-68.00) 
- 
7 
(67.47-68.00) 
3 
(67.86-67.95) 
17 
C20orf186, C20orf71, PLUNC, CDK5RAP1, SNTA1, CBFA2T2, NECAB3, 
E2F1, PXMP4, ZNF341, CHMP4B, RALY, EIF2S2. ASIP, AHCY, TOMM20, 
LOC100129272, ITCH 
C9 16 56.98-58.13 5 - - - 
5 
(57.48-57.63) 
0 - 
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Region a Chr 
Position b 
(Mb) 
Total SNPs c 
within the 
region 
Number of Significant SNPs in clusters 
(Boundaries of the cluster in Mb) 
Genes within the genomic regions d, known genes e are bold  
CSS XPEHH FST ΔDAF N Genes 
C10 25 6.67-8.29 15 
14 
(7.17-7.79) 
10 
(7.17-7.65) 
- 
2 
(7.17-7.20) 
16 
SLC35F3, C1orf31, TARBP1, IRF2BP2, LOC100290173, LOC100131463, 
SNORA14A, SNORA14B, RBM34, ARID4B, GGPS1, TBCE, B3GALNT2, 
LYST, NID1, LRP4f 
D1 2 118.48-120.10 15 - 
15 
(118.98-119.60) 
- - 13 
CLCN3, LOC100288206, LOC100290958, LOC100291623, NEK1, CBR4, 
PALLD, FLJ45445, LOC100132062, LOC100132287, ANXA10, HIATL1, 
LOC100130353 
D2 2 119.62-122.30 23 
20 
(120.12-121.80) 
11* 
(121.06-121.80) 
10 
(120.12-120.90) 
16 
(120.12-121.80) 
26 
ANXA10, HIATL1, LOC100130353, LGSN, OCA2, HERC2, 
LOC100290629, LOC390561, HERC2P2, HERC2P4, LOC728278, 
LOC646139, LOC100132101, LOC100289574, LOC100293165, 
LOC100294446, NIPA1, NIPA2, POLR2K, CYFIP1, TUBGCP5, IMP4, 
LOC644037, LOC645691, LOC100291878, PLEKHB2 
D3 2 122.89-124.60 17 - 
17 
123.39-124.10 
- - 15 
HS6ST1, LOC100293267, LOC100289081, UGGT1, SAP130, LOC439994, 
LOC642361, LOC100288164, LOC100293494, LOC642361, 
LOC100288907, LOC100291465, LOC728190, AMMECR1L, POLR2D 
D4 2 124.25-128.05 54 
28* 
(124.75-127.55) 
5 
(125.97-126.31) 
27 
(124.69-127.58) 
27 
(124.69-127.61) 
47 
UGGT1, SAP130, LOC439994, LOC642361, LOC100288164, 
LOC100293494, LOC642361, LOC100288907, LOC100291465, 
LOC728190, AMMECR1L, POLR2D, WDR33, LOC100288089, 
LOC100293529, LIMS2, GPR17, LIMS2, MYO7B, IWS1, PROC, MAP3K2, 
ERCC3, CYP27C1, BIN1, LOC100294448, NAB1, MFSD6, HIBCH, 
LOC100288000, LOC100290880, LOC100292514, C2orf88, MSTN, 
PMS1, ORMDL1, OSGEPL1, ANKAR, ASNSD1, SLC40A1, WDR75, 
COL5A2, COL3A1, PLGLA, PLGLB1, PLGLB2, GULP1 
D5 5 63.23-64.63 11 - - 
11 
(63.73-64.13) 
4 
(63.73-64.13) 
12 
ADRB2, ABLIM3, AFAP1L1, PCYOX1L, IL17B, CSNK1A1, CSNK1A1L, 
CSNK1A1P, FLJ41603, PPARGC1B, PDE6A, SLC26A2 
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a Prefix (A, B, C and D) with each region number represents the data set as defined in Table 1 (main text). Extracted list of 12 genomic regions, their positions, number of significant 
SNPs (for each test) and number of genes within each genomic region is shown in Table 2.  
b Position of genomic regions includes a 0.5 Mb extension on both sides of boundaries of main cluster identified by CSS to compare constituent tests and count of genes. Large sized (> 
1 Mb) regions are constituted by joining successive (<1 Mb apart) clusters.  
c Total number of SNPs located within the boundaries of the largest cluster identified by any of 4 tests and their position exclude 0.5 Mb additions for gene investigation (shown in b). 
Total number of SNPs located within the boundaries of the main cluster identified by CSS only is shown in Table 3 of main text. 
d Number (N) and list of genes mapped on bovine (UMD3.1) and ovine (OAR.v1) assemblies within the boundaries of genomic regions.  
e Candidate genes with known functional/structural effects for a particular trait present in the contrasting panels of multiple breeds.  
f Downstream genomic location (outside) of the listed gene from the region in Mb.  
* Indicates the cluster of highest ranked SNPs (raw scores) for particular selection test.  
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Figure S7.   Histograms of Mean Z, raw p-value and calibrated p-values distributions of the CSS: Histograms (top to bottom in each column) for polled cattle (column 1, red), double 
muscle cattle (column 2, green), polled sheep (column 3, purple) and double muscle sheep (column 4, blue).  
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Figure S8.   False discovery rate (FDR) against p-values: q-values were calculated from the calibrated p-values. Vertical dotted (……) and dashed (-----) lines indicate calibrated p-values 
at 0.01 and 0.05, respectively. Horizontal dotted and dashed lines indicate q-values (FDR) at 0.05 and 0.1, respectively. 
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Table S5. Selection signatures in European and African Bos taurus cattle populations. Complete list of selection signatures identified by composite (CSS) and constituent (XPEHH, FST, 
ΔDAF) selection tests. 
BTA Location a (Mb) Tests Population Genes b 
1 1.76-2.13 CSS European SON, GART, LOC784171, TMEM50B, IFNGR2, IFNAR1, IL10RB, IFNAR2, LOC526226, OLIG1, C1H21orf62, GCFC, SYNJ1, C1H21ORF59, C1H21ORF63, URB1, MRAP, MIS18A 
1 131.1-131.64 CSS, XPEHH, FST African COPB2, MRPS22, LOC616668, LOC616673, LOC783600, LOC616698, LOC616710, FOXL2, PIK3CB, LOC100138061, FAIM, LOC100301027, LOC616840, CEP70, ESYT3, MRAS, TXNDC6, ARMC8, 
DBR1, A4GNT, LOC100337454, DZIP1L 
1 150.90-151.00 ΔDAF African CLDN14, LOC100337405, LOC100337422, HLCS, PIGP, TTC3, DSCR3, DYRK1A 
1 157.95-158.2 CSS, ΔDAF African LOC100139888, LOC100297040, [No gene] 
1 82.0-82.2 CSS, XPEHH African DGKG, ETV5, LOC616971, TRA2B, IGF2BP2, SENP2, LIPH, TMEM41A, MAP3K13, EHHADH, LOC100140254, LOC615631 
3 10.52-10.71 ΔDAF African DUSP23, CRP, APCS, LOC508986, LOC616952, LOC509261, LOC530601, LOC504688, FCER1A, LOC538552, MPTX, DARC, CADM3, IFI16, LOC519294, LOC526177, LOC517209, LOC514540, 
LOC505209, SPTA1 
4 1.3-2.0 CSS African No gene 
4 51.97-52.01 ΔDAF European ST7, LOC100337386, CAPZA2, MET, LOC781951, CAV1, CAV2, LOC100296613, TES 
5 26.60-26.91 FST African / European 
HOXC6, LOC100295249, LOC100295214, MIR196A-2, HOXC11, HOXC12, HOXC13, CALCOCO1, ATP5G2, ATF7, NPFF, TARBP2, MAP3K12, PCBP2, PRR13, AMHR2, SP1, SP7, AAAS, C12orf10, 
PFDN5, ESPL1, MFSD5, RARG, ITGB7, ZNF740, LOC516241, SOAT2, IGFBP6, SPRYD3, TENC1, EIF4B, KRT18, KRT8, KRT78, KRT79, KRT4, LOC100299984, LOC100336907, KERIA, LOC100336698, 
LOC100301161 
6 53.1-53.4 CSS, ΔDAF African No gene 
6 88.8-89.3 CSS African SLC4A4, GC, ADAMTS3, COX18 
7 39.5-40.0 CSS, XPEHH African COMMD10, ARL10, MIR1271, NOP16, HIGD2A, CLTB, FAF2, RNF44, CDHR2, GPRIN1, SNCB, EIF4E1B, TSPAN17, UNC5A, HK3, UIMC1, LACTB, LOC533921, ZNF346, FGFR4, LOC100336707, NSD1, 
RAB24, PRELID1, MXD3, LMAN2, RGS14, SLC34A1, PFN3, F12, GRK6, PRR7, DBN1, PDLIM7, DOK3, DDX41, FAM193B, LOC509184, LOC100139419 
7 43.39-43.42 XPEHH European 
LOC787932, LOC787946, LOC787963, LOC788011, LOC788055, LOC616716, LOC788079, LOC506034, LOC509217, LOC514645, LOC539568, LOC510877, LOC788190, LOC511141, LOC616938, 
LOC515313, LOC615374, LOC510603, LOC788287, LOC618395, LOC510631, LOC788323, LOC507971, LOC509922, LOC788361, LOC524160, LOC517722, LOC518474, LOC100299275, 
MGC137030, MGC148293 
8 43.80-44.40 CSS, ΔDAF African DMRT2, DMRT3, DMRT1, LOC100336820, KANK1, DOCK8, LOC513962, LOC100300568, FOXD4L1, PGM5 
8 83.05-83.57 FST African / European LOC531757, MIR2475, MIR23B, MIR27B, MIR24-1, FANCC, LOC785608, TSPY, LOC100336570, FANCC, PTCH1, LOC789977 
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BTA Location a (Mb) Tests Population Genes b 
9 43.86-44.04 FST African / European PDSS2, BEND3, C9H6ORF203, MGC127538, QRSL1, RTN4IP1, LOC526200, ATG5, LOC100336714, PRDM1 
10 30.27-30.65 ΔDAF European FMN1, GREM1, SCG5, ARHGAP11A, GJD2, ACTC1, AQR, LOC786537, ATPBD4 
11 98.93-99.31 FST African / European 
SH2D3C, CDK9, FPGS, ENG, LOC100337088, AK1, ST6GALNAC6, ST6GALNAC2, PIP5KL1, DPM2, FAM102A, NAIF1, SLC25A25, PTGES2, LCN2, C11H9orf16, CIZ1, DNM1, MIR199B, GOLGA2, 
LOC616324, TRUB2, COQ4, SLC27A4, URM1, CERCAM, ODF2, GLE1, SPTAN1, WDR34, SET, PKN3, LOC505354, ZER1, TBC1D13, ENDOG, LOC100138783, CCBL1, LRRC8A, PHYHD1, DOLK, 
NUP188, SH3GLB2, FAM73B, DOLPP1, CRAT, PPP2R4, IER5L 
13 11.58-12.15 CSS, XPEHH European LOC100337090, LOC100298513, LOC526041, LOC505099, LOC100337293, LOC509875, CAMK1D, CDC123, NUDT5, SEC61A2, DHTKD1, UPF2, LOC781700, ECHDC3 
14 1.46-1.80 CSS, XPEHH, 
FST, ΔDAF European 
LOC788476, LOC100336014, LOC100295750, LOC100299291, LOC100294758, ZNF250, C14H8orf33, ZNF34, RPL8, ZNF7, COMMD5, LOC532363, MIR2308, LOC618766, LRRC24, LRRC14, 
RECQL4, MFSD3, GPT, PPP1R16A, LOC100294916, FOXH1, LOC789523, CYHR1, NFKBIL2, SLC39A4, CPSF1, ADCK5, GPR172B, FBXL6, LOC789629, SCRT1, DGAT1, HSF1, BOP1, SCXB, HEATR7A, 
LOC523023, LOC509113, LOC509114, MAF1, SHARPIN, CYC1, GPAA1, EXOSC4, OPLAH, LOC100141215, LOC618305, GRINA, PARP10, LOC786966, MIR2309, LOC100337278, NRBP2, PUF60, 
LOC100295316, LOC506831, LOC524974, MAPK15, LOC100138046, ZNF623, LOC100295394, TSTA3 
14 17.75-18.46 ΔDAF European TMEM65, FER1L6, LOC507013, ANXA13, KLHL38, FBXO32, WDYHV1, ATAD2, ZHX1, LOC539014, LOC521399, WDR67, DERL1, ZHX2 
14 24.15-24.79 CSS, FST, ΔDAF European XKR4, TMEM68, TGS1, LYN, RPS20, MOS, PLAG1, CHCHD7, SDR16C5, SDR16C6, PENK 
14 79.36-80.08 ΔDAF African ATP6V0D2, MIR2311, LOC100196897, CA2, CA3, CA1, CA1, CA13, MGC133577, E2F5, LRRCC1, SLC7A13, LOC506670, RALYL 
15 77.50-77.68 XPEHH African CREB3L1, DGKZ, MDK, CHRM4, AMBRA1, HARBI1, ATG13, ARHGAP1, ZNF408, LOC100336386, LOC781101, F2, CKAP5, MIR2319A, MIR2319B, LRP4, LOC617614, LOC509025, C15H11orf49 
16 43.37-45.55 CSS, XPEHH, FST European MAD2L2, FBXO6, FBXO44, FBXO2, PTCHD2, UBIAD1, MTOR, ANGPTL7, EXOSC10, SRM, MASP2, TARDBP, CASZ1, PEX14, DFFA, CORT, APITD1, PGD, LOC100337161, UBE4B, RBP7, NMNAT1, 
LOC100337372, CTNNBIP1, CLSTN1, PIK3CD, TMEM201, SLC25A33, SPSB1, H6PD, MIR34A, GPR157, SLC2A5, CA6, ENO1, RERE, LOC100295969, SLC45A1, LOC786597 
19 10.20-11.44 XPEHH African Sep-04, LOC616486, LOC100297075, TEX14, MGC137055, RAD51C, TDGF1, PPM1E, TRIM37, FAM33A, MIR454, MIR301A, PRR11, MGC143117, GDPD1, YPEL2, AK3L1, DHX40, CLTC, PTRH2, 
TMEM49, MIR21, TUBD1, RPS6KB1, RNFT1, MED13, INTS2, LOC787304, BRIP1, TBX4 
19 10.90-10.92 ΔDAF European GDPD1, YPEL2, AK3L1, DHX40, CLTC, PTRH2, TMEM49, MIR21, TUBD1, RPS6KB1, RNFT1, MED13, INTS2 
20 22.67-22.70 ΔDAF African MIER3, LOC540253, MAP3K1, [No gene], ANKRD55 
21 13.69-13.74 ΔDAF African NDUFB4, LOC100337442, [No gene] 
22 49.70-50.01 ΔDAF African WDR82P1, PPM1M, TWF2, TLR9, ALAS1, WDR51A, DUSP7, RPL29, ACY1, ABHD14A, ABHD14B, PCBP4, GPR62, LOC507426, RRP9, IQCF1, IQCF5, IQCF2, LOC783987, LOC100125949, 
LOC785460, LOC618550, GRM2, TEX264, LOC784245, VPRBP, RBM15B, MANF, DOCK3, MAPKAPK3, CISH, HEMK1, C22H3ORF18, CACNA2D2 
29 35.96-36.09 ΔDAF European NTM, [No gene], TMEM45B 
a location represents the boundaries of the significant SNP clusters. 
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b Genes in red colour are located within the significant cluster and genes in black colour are included at a 0.5 Mb flanking regions on both sides of the significant cluster. Gene highlighted as bold have known functional 
role for various phenotypes under selection. 
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Figure S9.  Genome-wide comparison of using SNP genotype data from all breeds (Total: 46 breeds and N= 847), breeds with minimum 10 samples (Total: 26 breeds and N=753) and 
breeds with minimum 20 samples (Total: 20 breeds and N=652) for computing  CSS (A), XPEHH (B), ΔDAF (C) and FST (D) for European Bos taurus cattle. 
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Figure S10.   Chromosome-wise comparison of (A) average derived allele frequencies (DAF) and (B) average minor allele frequencies (MAF) between European and 
African Bos taurus cattle breeds. In addition to the ΔDAF computation for cattle analyses, we also compared the chromosomal average DAF and MAF between geographic 
groups of European and African cattle to understand the genome-wide selection pressures. 
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Figure S4.1: Schematic diagram to show the classification of the breeds into various cohorts. Boxplot represent, hypothetically, the overall distribution of the breed median data for European or 
African breeds. The stringent threshold was adopted to create a strong phenotypic contrast between the LARGE and SMALL cohorts. The breeds having their median wither heights (and lower 
quartiles) above the overall upper quartile (and overall median) were categorized into the LARGE cohort (red dots in Figure 4.1). The breeds having their median wither heights (and upper quartiles) 
below the overall lower quartile (and overall median) were categorized into the SMALL cohort (blue dots in Figure 4.1). The remaining breeds in the middle of each plot were declared as MEDIUM 
cohort (green dots in Figure 4.1); however, the MEDIUM cohorts were not analyzed. 
LARGE 
• Breeds have their median height larger than overall upper quartile and 
• Breeds have their lower quartile of height larger than overall median 
MEDIUM 
SMALL 
• Breeds have their median height smaller than overall lower quartile and 
• Breeds have their upper quartile of height smaller than overall median 
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Figure S4.2: Distribution of significant SNPs per region and size of the significant genomic regions in the category-wise analyses for European and 
African cattle cohorts. In each plot, red (diamond) and blue (round) points represent top 1% and 0.1% of SNPs, respectively. The vertical dashed 
pink and green lines, respectively, represent overall and within categories median size of the significant regions. 
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Figure S4.3: Distribution (N) of human orthologous genes mapped on UMD3.1 genome assembly on the bovine autosomes (BTA). Consecutive neighboring genes on a BTA, 
reported in single or multiple human stature-based GWA studies are representative of a common region (Table S4.4). In total, 268 orthologous genes were mapped on 29 BTAs 
and were located in 134 genomic regions. The blue bars show BTA-wise distribution of 12 stature-associated regions identified by CSS in this study. We note that the average 
size of the 134 genomic loci containing 268 human orthologous genes is ~ 355 kb. Dividing the bovine genome into equal sized loci, after adding 1 Mb surrounding of each locus 
(i.e., 1.355 Mb, which is slightly larger than the average size of significant regions = 1.200 Mb), can provide approximately 1,878 loci. Finding a candidate gene carrying CSS 
region out of those 134 regions is equal to 7 % (that is expected by chance). However, our results show a much higher percentage (African LARGE = 22.2%, African SMALL = 
37.5%, European SMALL = 60% and European LARGE = 100%) of analysis-wise significant regions that harbour stature-associated genes. 
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Table S4.1: Chromosome wise information regarding genotyping data of cattle breeds 
Chromosomes Length 
a 
(bp) 
SNPs  
(N) 
Distance between SNPs (bp) b 
Mean Minimum Maximum 
1 158,337,067 2,510 62,984 131 1,160,151 
2 137,060,424 2,034 67,018 75 1,715,336 
3 121,430,405 1,928 62,831 3,708 1,610,036 
4 120,829,699 1,894 63,596 365 624,584 
5 121,191,424 1,582 75,621 649 988,849 
6 119,458,736 1,887 63,070 2,660 1,601,814 
7 112,638,659 1,652 68,059 1,969 3,404,489 
8 113,384,836 1,799 62,853 3,416 650,324 
9 105,708,250 1,545 67,701 449 932,818 
10 104,305,016 1,631 63,346 284 3,259,342 
11 107,310,763 1,676 63,866 886 799,678 
12 91,163,125 1,201 74,310 6,571 4,498,320 
13 84,240,350 1,334 62,865 382 1,958,406 
14 84,648,390 1,245 66,825 108 3,618,794 
15 85,296,676 1,219 68,776 2,924 1,072,079 
16 81,724,687 1,186 67,588 178 2,397,240 
17 75,158,596 1,191 62,930 4,813 839,722 
18 66,004,023 952 68,440 5,603 1,106,253 
19 64,057,457 1,001 62,831 1,014 544,787 
20 72,042,655 1,179 60,776 1,527 559,097 
21 71,599,096 1,012 67,532 903 502,239 
22 61,435,874 993 61,482 4,729 465,568 
23 52,530,062 784 66,061 6,876 1,145,617 
24 62,714,930 949 65,467 95 577,231 
25 42,904,170 690 62,042 784 520,202 
26 51,681,464 790 64,527 281 760,661 
27 45,407,902 701 64,674 11,119 1,341,874 
28 46,312,546 687 67,336 23 2,145,618 
29 51,505,224 781 64,541 1,762 901,776 
Total 2,512,082,506 38,033 - - - 
Average - - 65,515 2,217 1,438,031 
 
a Chromosomal length according to UMD3.1 Bovine genome assembly  
b Mean, minimum and maximum distance between consecutive SNPs on each autosome 
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Table S4.2: Information about European breeds. DNA samples and FAO data showing breed-wise wither height (Q1: first quartile, median, Q3: third quartile) in centimeters (cm) and 
multiple breed cohorts based on separation by overall Q1 and Q3. 
 
No.  Breed names Geographic Origin Country of sampling DNA Samples Q 1 Median Q 3 
Cohorts 
(sample size) 
1. Maine Anjou France Franc, USA 21 155.0 155.0 155.0 
LARGE 
(224) 
2. Marchigiana Italy USA 5 153.0 153.0 153.0 
3. Blonde D’Aquitaine France USA 5 148.5 150.0 156.3 
4. Chianina Italy USA 8 149.5 149.5 149.5 
5. Normande France France 31 147.5 147.5 147.5 
6. South Devon Britain Britain 4 146.0 146.0 146.0 
7. Romagnola Italy Italy 24 144.6 145.8 146.9 
8. Piedmontese Italy Italy 26 144.9 145.8 146.6 
9. Simmental Switzerland USA 10 142.9 145.5 147.0 
10. Charolais France Britain, USA 55 142.0 145.0 149.0 
11. Montbeliarde France France 35 144.3 145.0 146.3 
12. Shorthorn Britain USA 10 141.1 142.3 143.0 MEDIUM 
13. Salers France France, USA 27 141.0 142.0 143.0  
14. French Red Pied Lowland France France 22 141.5 141.5 141.5  
15. Red Poll Britain USA 5 141.0 141.0 141.0  
16. Holstein Netherlands France, USA, New Zealand 80 137.5 147.0 150.0  
17. Brown Swiss Switzerland USA 41 140.8 143.0 145.0  
18. Belgian Blue Belgium USA 4 140.5 142.0 143.5  
19. Pinzgauer Austria USA 5 140.0 141.5 142.5  
20. Maraichine (Parthenaise) France France 19 140.6 141.3 141.9  
21. Limousin France USA, France 35 140.4 140.8 142.8  
22. Angus Britain USA, New Zealand 44 139.5 140.0 140.0  
23. Gascon France France 22 140.0 140.0 140.0  
24. Sussex Britain Britain 4 140.0 140.0 140.0  
25. Lincoln Red Britain USA 9 140.0 140.0 140.0  
26. Abondance France` France 22 139.5 139.5 139.5 MEDIUM 
27. Gelbvieh Germany USA 8 136.5 137.0 139.5  
28. Hereford Britain USA, New Zealand 31 132.8 135.0 145.5  
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Table S4.2 continued … 
No.  Breed names Geographic Origin Country of sampling DNA Samples Q 1 Median Q 3 
Cohorts 
(sample size) 
29. White Park Britain Britain 4 139.0 139.0 139.0  
30. Longhorn Britain Britain 3 138.0 138.0 138.0  
31. Norwegian Red Norway Norway 21 136.0 136.0 136.0  
32. Vosgienne(Vosges) France France 19 135.0 135.0 135.0  
33. Guernsey Channel Islands Britain, USA 21 134.5 134.5 134.5  
34. Aubrac France France 22 134.5 134.5 134.5  
35. Tarine (Tarentaise) France France, USA 23 134.0 134.0 134.0  
36. Finnish Ayrshire Finland Finland 10 131.0 133.5 134.1 
SMALL 
(125) 
37. Belted Galloway Britain Britain 4 133.5 133.5 133.5 
38. Devon Britain Britain 4 133.0 133.0 133.0 
39. Romosinuano New World Spanish USA, (Venezuela and Costa Rica) 8 132.5 132.5 132.5 
40. Kerry Ireland Britain 3 129.9 130.8 131.6 
41. Galloway Britain Britain 4 129.1 130.5 130.5 
42. Murray Grey Australia USA 5 128.5 128.5 128.5 
43. Jersey Channel Islands France, USA, New Zealand 49 123.4 125.8 129.3 
44. Hanwoo Korea South Korea 7 122.7 124.8 127.0 
45. Bretonne Black Pied France France 18 120.0 120.0 120.0 
46. Scottish Highland Britain Britain, USA 9 115.0 115.0 120.5 
47. Dexter Ireland Britain 4 105.0 105.0 105.0 
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Table S4.3: Information about African breeds. DNA samples and FAO data showing breed-wise wither height (Q1: first quartile, median, Q3: third quartile) in centimeters (cm) and 
multiple breed cohorts based on separation by overall Q1 and Q3. 
 
No.  Breed names Geographic Origin Country of sampling DNA Samples Q 1 Median Q 3 
Cohorts 
(Sample size) 
1. Kuri Chad Chad 30 145.5 145.5 145.5 
Large 
(56) 
2. Oulmes Zaer Morocco Morocco 26 131.5 131.5 131.5 
3. N’Dama West Africa Burkina Faso, Guinea, Gambia 61 110.0 110.0 112.5 
Medium 
(111) 4. Sheko East Africa Ethiopia 20 105.5 106.0 105.5 
5. Borgou Benin Benin 30 101.5 101.5 107.8 
6. Somba Togo Togo 30 98.6 99.8 100.9 
Small 
(89) 7. Baoule Burkina  Faso Burkina  Faso 29 97.5 97.5 98.8 
8. Lagune Benin Benin 30 93.0 94.0 94.0 
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Table S4.4: List of genes associated with human height and their positions on UMD3.1 bovine assembly. Overall, 268 orthologous genes were located at 134 autosomal regions. 
Some of the genes have alternative gene symbols in various databases. In addition, two genes (PTMA and DGKH) are paralogs, three genes (NAP1L3, ITM2A and NLGN3) mapped on 
the X chromosome and one gene (ZNF678) was not available on the bovine assembly. The genes highlighted in bold were identified in this study, harbouring (or neighboring) 
significant SNPs in the top 0.1% of genome-wide composite selection signals (CSS). 
 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
1  FAM43A - 1 73,468,658 73,469,929 1 SORANZO et al. 2009 
2  LSG1 - 1 73,484,532 73,507,109 1 SORANZO et al. 2009 
3  GHSR - 1 95,795,891 95,799,185 2 LANGO-ALLEN et al. 2010; LANKTREE et al. 2011 
4  GOLIM4 - 1 100,158,666 100,242,188 3 GUDBJARTSSON et al. 2008 
5  SERPINI1 - 1 100,456,487 100,539,394 3 GUDBJARTSSON et al. 2008 
6  ZBTB38 - 1 128,529,497 128,536,371 4 
GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
WEEDON et al. 2008; SORANZO et al. 2009; 
OKADA et al. 2010 
7  PCCB - 1 134,035,255 134,130,529 5 LANKTREE et al. 2011 
8  CEP63 - 1 135,871,800 135,935,191 5 WEEDON et al. 2008 
9  ANAPC13 - 1 135,945,604 135,951,507 5 WEEDON et al. 2008 
10  PTMA ENSBTAG00000016081 2 47,998,596 47,999,635 6 GUDBJARTSSON et al. 2008 
11  PLCD4 - 2 107,298,619 107,321,323 7 LANKTREE et al. 2011 
12  FEV - 2 107,646,741 107,650,448 7 GUDBJARTSSON et al. 2008 
13  CRYBA2 - 2 107,655,325 107,658,571 7 GUDBJARTSSON et al. 2008 
14  IHH - 2 107,722,664 107,728,939 7 
GUDBJARTSSON et al. 2008; WEEDON et al. 
2008; LANGO-ALLEN et al. 2010; OKADA et al. 
2010 
15  SLC23A3 - 2 107,835,848 107,842,357 7 GUDBJARTSSON et al. 2008 
- PTMA ENSBTAG00000002549 2 120,227,916 120,233,009 8 GUDBJARTSSON et al. 2008 
16  PDE6D - 2 120,250,515 120,305,878 8 GUDBJARTSSON et al. 2008 
17  COPS7B - 2 120,311,156 120,333,986 8 GUDBJARTSSON et al. 2008 
18  NPPC - 2 120,392,625 120,397,261 8 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
19  DIS3L2 - 2 120,486,065 120,794,558 8 GUDBJARTSSON et al. 2008; OKADA et al. 2010; LANKTREE et al. 2011 
20  RPS6KA1 - 2 127,164,649 127,202,531 9 LANKTREE et al. 2011 
21  CATSPER4 - 2 127,483,215 127,500,248 9 SORANZO et al. 2009 
22  HSPG2 - 2 131,508,855 131,588,309 10 SORANZO et al. 2009 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
23  SDHB - 2 136,125,303 136,154,371 11 OKADA et al. 2010 
24  ATP13A2 - 2 136,162,615 136,182,586 11 OKADA et al. 2010 
25  MFAP2 - 2 136,187,692 136,192,151 11 LANKTREE et al. 2011 
26  DUSP23 - 3 10,029,473 10,030,882 12 LANKTREE et al. 2011 
27  MTMR11 - 3 20,718,767 20,726,741 13 GUDBJARTSSON et al. 2008 
28  SV2A - 3 20,727,477 20,755,994 13 GUDBJARTSSON et al. 2008 
29  SF3B4 - 3 20,727,553 20,731,286 13 GUDBJARTSSON et al. 2008 
30  Histone class 2A HIST2H2AC 3 20,804,199 20,804,743 13 GUDBJARTSSON et al. 2008 
31  HIST1H4F - 3 20,811,443 20,813,500 13 SORANZO et al. 2009 
32  SPAG17 - 3 25,111,157 25,352,312 14 WEEDON et al. 2008, KIM et al. 2010 
33  COL11A1 - 3 40,448,698 40,682,012 15 LANKTREE et al. 2011 
34  PKN2 PRKCL2 3 55,231,809 55,365,736 16 LANKTREE et al. 2011 
35  COL24A1 - 3 58,106,721 58,517,453 17 LANKTREE et al. 2011 
36  DAB1 - 3 89,407,946 89,699,453 18 SORANZO et al. 2009 
37  SCMH1 - 3 105,660,417 105,789,543 19 WEEDON et al. 2008 
38  DGKH ENSBTAG00000020616 3 113,703,381 113,783,352 20 OKADA et al. 2010 
39  GRB10 Grb10 4 5,104,898 5,244,384 21 LETTRE et al. 2008 
40  GATAD1 - 4 9,613,133 9,620,567 22 GUDBJARTSSON et al. 2008 
41  PEX1 ZWS1, ZWS 4 9,660,516 9,723,444 22 GUDBJARTSSON et al. 2008 
42  CDK6 - 4 9,791,797 10,039,688 22 
GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
WEEDON et al. 2008; SORANZO et al. 2009; 
LANKTREE et al. 2011 
43  AGR2 - 4 25,258,617 25,271,426 23 SORANZO et al. 2009 
44  CDCA7L - 4 30,796,234 30,839,424 24 OKADA et al. 2010 
45  JAZF1 - 4 68,444,034 68,773,107 25 SORANZO et al. 2009; LANKTREE et al. 2011 
46  CNOT4 - 4 99,983,486 100,133,488 26 LANKTREE et al. 2011 
47  ATG9B - 4 114,395,400 114,402,273 27 LANKTREE et al. 2011 
48  WDR60 - 4 120,326,812 120,386,650 28 LETTRE et al. 2008 
49  UBE2N - 5 23,370,701 23,411,877 29 GUDBJARTSSON et al. 2008 
50  MRPL42 - 5 23,426,160 23,456,894 29 GUDBJARTSSON et al. 2008 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
51  SOCS2 - 5 23,523,980 23,528,860 29 
GUDBJARTSSON et al. 2008; WEEDON et al. 
2008; LANGO-ALLEN et al. 2010; LANKTREE et al. 
2011 
52  CRADD - 5 23,629,704 23,632,136 29 GUDBJARTSSON et al. 2008 
53  ATP5G2 - 5 26,535,456 26,539,249 30 OKADA et al. 2010 
54  ATF7 - 5 26,580,497 26,671,702 30 OKADA et al. 2010 
55  TUBA1 TUBA1A 5 30,821,251 30,825,700 31 GUDBJARTSSON et al. 2008 
56  LRRC10 - 5 44,094,623 44,097,713 32 GUDBJARTSSON et al. 2008 
57  CCT2 - 5 44,100,433 44,116,239 32 GUDBJARTSSON et al. 2008 
58  FRS2 - 5 44,127,710 44,133,546 32 GUDBJARTSSON et al. 2008 
59  YEATS4 - 5 44,318,356 44,342,854 32 GUDBJARTSSON et al. 2008 
60  LYZ - 5 44,712,167 44,720,974 32 GUDBJARTSSON et al. 2008 
61  CPSF6 - 5 44,765,460 44,793,485 32 GUDBJARTSSON et al. 2008 
62  HMGA2 - 5 48,053,846 48,199,963 33 
GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
WEEDON et al. 2008; SORANZO et al. 2009; 
LANKTREE et al. 2011 
63  NUP37 - 5 66,240,930 66,292,959 34 KIM et al. 2010 
64  PMCH - 5 66,359,938 66,361,103 34 KIM et al. 2010 
65  IGF1 - 5 66,532,878 66,604,699 34 OKADA et al. 2010, KIM et al. 2010 
66  SLCO1B3 - 5 89,323,085 89,391,585 35 GUDBJARTSSON et al. 2008 
67  SLCO1C1 - 5 89,439,587 89,509,795 35 GUDBJARTSSON et al. 2008 
68  PDE3A - 5 89,554,511 89,917,359 35 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
69  ETV6 - 5 98,412,608 98,576,590 36 GUDBJARTSSON et al. 2008 
70  BBS7 - 6 3,373,056 3,410,957 37 LANKTREE et al. 2011 
71  NCAPG - 6 38,765,968 38,812,056 38 GUDBJARTSSON et al. 2008; OKADA et al. 2010 
72  LCORL - 6 38,840,863 38,992,112 38 
GUDBJARTSSON et al. 2008; WEEDON et al. 
2008; SORANZO et al. 2009; LANGO-ALLEN et 
al. 2010; OKADA et al. 2010 
73  RFC1 - 6 60,074,591 60,086,403 39 LANKTREE et al. 2011 
74  PDGFRA - 6 71,373,512 71,421,283 40 LANKTREE et al. 2011 
75  CLOCK LOC100300400 6 72,574,278 72,633,079 40 LANKTREE et al. 2011 
76  REST MGC157163 6 73,838,853 73,863,780 40 LANKTREE et al. 2011 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
77  BMP3 - 6 97,585,532 97,613,023 41 GUDBJARTSSON et al. 2008 
78  PRKG2 - 6 97,652,568 97,735,628 41 GUDBJARTSSON et al. 2008; LETTRE et al. 2008; SORANZO et al. 2009 
79  RASGEF1B - 6 97,988,423 98,026,691 41 GUDBJARTSSON et al. 2008 
80  LYAR - 6 107,443,251 107,463,870 42 LETTRE et al. 2008 
81  INSR - 7 17,279,884 17,403,237 43 LANKTREE et al. 2011 
82  PRAM1 - 7 18,331,126 18,339,617 43 GUDBJARTSSON et al. 2008 
83  MYO1F - 7 18,351,369 18,388,976 43 GUDBJARTSSON et al. 2008 
84  ADAMTS10 - 7 18,391,451 18,408,987 43 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
85  OR2Z1 - 7 18,496,340 18,497,281 43 GUDBJARTSSON et al. 2008 
86  DOT1L - 7 22,629,692 22,680,307 44 LETTRE et al. 2008 
87  SLC22A5 - 7 23,329,255 23,355,525 44 LANKTREE et al. 2011 
88  CAMLG - 7 47,837,917 47,845,670 45 GUDBJARTSSON et al. 2008 
89  DDX46 - 7 47,838,423 47,905,058 45 GUDBJARTSSON et al. 2008 
90  TXNDC15 - 7 47,943,419 47,959,151 45 GUDBJARTSSON et al. 2008 
91  CATSPER3 - 7 48,012,506 48,043,848 45 GUDBJARTSSON et al. 2008 
92  PITX1 - 7 48,063,658 48,069,063 45 GUDBJARTSSON et al. 2008 
93  FREM1 C9orf154 8 29,353,417 29,504,029 46 KIM et al. 2010 
94  PCSK5 - 8 52,196,979 52,712,391 47 LANKTREE et al. 2011 
95  IL11 - 8 62,561,915 62,564,977 48 LANKTREE et al. 2011 
96  WDR40A DCAF12 8 76,828,792 76,868,169 49 SORANZO et al. 2009 
97  FBP2 - 8 82,396,094 82,438,817 50 KIM et al. 2010 
98  PTCH1 - 8 83,518,735 83,581,743 50 WEEDON et al. 2008; LANKTREE et al. 2011 
99  SPIN1 - 8 91,185,515 91,234,089 51 GUDBJARTSSON et al. 2008 
100  CCRK CDK20 8 91,626,225 91,635,220 51 GUDBJARTSSON et al. 2008 
101  ZNF462 - 8 98,331,863 98,427,540 52 GUDBJARTSSON et al. 2008 
102  PALM2-AKAP2 - 8 101,056,373 101,402,479 53 KIM et al. 2010 
103  COL27A1 - 8 105,095,606 105,203,081 54 GUDBJARTSSON et al. 2008 
104  PAPPA - 8 107,115,476 107,379,748 55 LETTRE et al. 2008 
105  C6orf173 - 9 25,263,751 25,266,364 56 GUDBJARTSSON et al. 2008 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
106  LOC387103 C6orf173, CENPW 9 25,263,764 25,279,586 56 WEEDON et al. 2008 
107  C20orf30 TMEM230 9 34,421,936 34,422,367 57 LETTRE et al. 2008 
108  ZBTB24 - 9 41,168,309 41,177,175 58 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
109  SMPD2 - 9 41,197,562 41,200,852 58 GUDBJARTSSON et al. 2008 
110  PPIL6 - 9 41,200,986 41,236,606 58 GUDBJARTSSON et al. 2008 
111  CD164 - 9 41,246,267 41,256,989 58 GUDBJARTSSON et al. 2008 
112  POPDC3 - 9 45,452,890 45,455,659 59 GUDBJARTSSON et al. 2008 
113  BVES - 9 45,484,428 45,522,649 59 GUDBJARTSSON et al. 2008 
114  LIN28B - 9 45,543,365 45,664,227 59 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
115  HACE1 - 9 45,737,451 45,855,545 59 GUDBJARTSSON et al. 2008 
116  L3MBTL3 - 9 69,159,348 69,262,025 60 GUDBJARTSSON et al. 2008 
117  SAMD3 - 9 69,266,999 69,311,228 60 GUDBJARTSSON et al. 2008 
118  GPR126 - 9 80,812,174 80,955,956 61 GUDBJARTSSON et al. 2008; LETTRE et al. 2008; SORANZO et al. 2009; LANGO-ALLEN et al. 2010 
119  ESR1 - 9 89,967,416 89,969,973 62 LANKTREE et al. 2011 
120  SMAD3 - 10 13,857,916 13,980,372 63 LANKTREE et al. 2011 
121  NFATC4 - 10 20,632,350 20,639,714 64 LANKTREE et al. 2011 
122  BCL2L2 - 10 21,438,710 21,443,574 64 LANKTREE et al. 2011 
123  CYP19A1 - 10 59,227,894 59,282,939 65 OKADA et al. 2010; LANKTREE et al. 2011 
124  SAMD4A - 10 67,295,512 67,516,428 66 LANKTREE et al. 2011 
125  TMED10 - 10 86,767,296 86,802,291 67 SORANZO et al. 2009 
126  LTBP1 - 11 15,676,466 15,948,475 68 OKADA et al. 2010 
127  SOCS5 - 11 28,985,137 29,053,249 69 SORANZO et al. 2009 
128  PNPT1 - 11 38,161,133 38,200,964 70 GUDBJARTSSON et al. 2008 
129  EFEMP1 - 11 38,338,745 38,408,288 70 
GUDBJARTSSON et al. 2008; WEEDON et al. 
2008; LANGO-ALLEN et al. 2010; OKADA et al. 
2010 
130  EIF2AK3 - 11 47,302,535 47,384,703 71 LANKTREE et al. 2011 
131  PPP3R1 - 11 66,582,635 66,642,276 72 LANKTREE et al. 2011 
132  LBH - 11 69,592,077 69,618,485 73 GUDBJARTSSON et al. 2008 
133  GCKR GKRP 11 72,154,947 72,176,344 74 LANKTREE et al. 2011 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
134  DTNB - 11 73,693,683 73,935,363 74 GUDBJARTSSON et al. 2008 
135  DNMT3A - 11 74,045,549 74,061,374 74 GUDBJARTSSON et al. 2008 
136  POMC - 11 74,109,409 74,116,893 74 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
137  RBJ DNAJC27 11 74,319,476 74,357,417 74 GUDBJARTSSON et al. 2008 
138  ADCY3 - 11 74,382,526 74,465,215 74 GUDBJARTSSON et al. 2008 
139  FUBP3 - 11 100,903,349 100,952,802 75 LETTRE et al. 2008 
140  LHX3 - 11 103,734,903 103,741,625 76 OKADA et al. 2010 
141  QSOX2 - 11 103,745,009 103,769,907 76 OKADA et al. 2010 
 DGKH ENSBTAG00000013879 12 12,222,240 12,405,180 77 OKADA et al. 2010 
142  DLEU7 LEU7 12 20,334,921 20,358,215 78 GUDBJARTSSON et al. 2008; WEEDON et al. 2008; SORANZO et al. 2009 
143  GPC5 - 12 66,292,145 67,325,680 79 OKADA et al. 2010 
144  BMP2 BMP2A 13 49,550,049 49,561,304 80 GUDBJARTSSON et al. 2008 
145  ANKRD60 - 13 58,663,305 58,673,817 81 KIM et al. 2010 
146  CDK5RAP1 C20orf34 13 63,368,940 63,403,771 82 LANKTREE et al. 2011 
147  NCOA6 - 13 64,630,310 64,691,250 82 SORANZO et al. 2009 
148  MYH7B - 13 64,888,626 64,912,758 82 LANKTREE et al. 2011 
149  PROCR - 13 65,052,809 65,106,553 82 LANKTREE et al. 2011 
150  MMP24 - 13 65,160,048 65,203,503 82 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
151  EIF6 ENSBTAG00000011263 13 65,206,236 65,212,123 82 GUDBJARTSSON et al. 2008 
152  UQCC C20orf44 13 65,233,032 65,327,796 82 GUDBJARTSSON et al. 2008; LETTRE et al. 2008; SORANZO et al. 2009; OKADA et al. 2010 
153  GDF5 - 13 65,340,131 65,343,889 82 GUDBJARTSSON et al. 2008; LETTRE et al. 2008; WEEDON et al. 2008; OKADA et al. 2010 
154  CEP250 - 13 65,366,075 65,405,856 82 GUDBJARTSSON et al. 2008 
155  TGS1 - 14 24,747,191 24,772,996 83 GUDBJARTSSON et al. 2008 
156  LYN - 14 24,872,637 24,921,501 83 GUDBJARTSSON et al. 2008 
157  RPS20 - 14 24,955,075 24,956,324 83 GUDBJARTSSON et al. 2008 
158  MOS - 14 24,975,782 24,977,096 83 GUDBJARTSSON et al. 2008 
159  PLAG1 - 14 25,007,290 25,009,296 83 GUDBJARTSSON et al. 2008; SORANZO et al. 2009; OKADA et al. 2010 
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Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
160  CHCHD7 - 14 25,052,884 25,058,781 83 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
161  SDR16C5 - 14 25,105,045 25,117,554 83 LANGO-ALLEN et al. 2010 
162  RDHE2 SDR16C6 14 25,153,583 25,179,651 83 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
163  PENK - 14 25,218,584 25,222,991 83 GUDBJARTSSON et al. 2008 
164  ZFHX4 - 14 41,988,046 42,189,794 84 GUDBJARTSSON et al. 2008 
165  PXMP3 PEX2 14 42,315,041 42,330,314 84 GUDBJARTSSON et al. 2008 
166  EXT1 - 14 48,318,417 48,634,025 85 KIM et al. 2010 
167  PTPRJ - 15 79,043,172 79,060,806 86 LANKTREE et al. 2011 
168  TGFB2 - 16 22,495,735 22,588,280 87 LANKTREE et al. 2011 
169  DNM3 - 16 40,118,745 40,472,474 88 GUDBJARTSSON et al. 2008; LANGO-ALLEN et al. 2010 
170  MICA MR1 16 63,641,740 63,660,381 89 LANGO-ALLEN et al. 2010; LANKTREE et al. 2011 
171  GLT25D2 - 16 66,452,390 66,571,427 90 GUDBJARTSSON et al. 2008; OKADA et al. 2010 
172  C1orf19 TSEN15 16 66,581,062 66,610,924 90 GUDBJARTSSON et al. 2008 
173  HHIP - 17 13,627,441 13,736,747 91 
GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
WEEDON et al. 2008; SORANZO et al. 2009; 
LANGO-ALLEN et al. 2010, KIM et al. 2010 
174  MPHOSPH9 - 17 54,584,644 54,604,987 92 LANKTREE et al. 2011 
175  NACA2 NACAL, NACA 17 59,667,794 59,668,563 93 GUDBJARTSSON et al. 2008 
176  IGLL1 - 17 72,951,168 73,152,860 94 GUDBJARTSSON et al. 2008 
177  BCR - 17 73,694,466 73,783,300 94 GUDBJARTSSON et al. 2008 
178  RTDR1 - 17 73,799,587 73,847,910 94 GUDBJARTSSON et al. 2008 
179  GNAZ - 17 73,812,707 73,828,749 94 GUDBJARTSSON et al. 2008 
180  CDH13 - 18 9,189,534 10,164,197 95 OKADA et al. 2010 
181  USP10 - 18 10,876,309 10,939,664 95 GUDBJARTSSON et al. 2008 
182  CRISPLD2 - 18 10,985,131 11,050,908 95 GUDBJARTSSON et al. 2008 
183  ZDHHC7 - 18 11,115,709 11,121,015 95 GUDBJARTSSON et al. 2008 
184  MT1F MT1 18 24,106,722 24,108,521 96 GUDBJARTSSON et al. 2008 
185  ANKFN1 - 19 7,329,920 7,490,693 97 LETTRE et al. 2008 
186  NOG - 19 7,612,689 7,614,074 97 GUDBJARTSSON et al. 2008; LANGO-ALLEN et al. 2010 
187  DGKE - 19 7,875,200 7,899,782 97 GUDBJARTSSON et al. 2008 
350
Appendix of Chapter 4 
 
Table S4.4 continued … 
No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
188  TRIM25 - 19 7,939,828 7,959,817 97 GUDBJARTSSON et al. 2008 
189  COIL - 19 7,988,039 8,010,218 97 GUDBJARTSSON et al. 2008 
190  TBX4 - 19 11,865,526 11,891,936 98 GUDBJARTSSON et al. 2008 
191  TBX2 - 19 11,942,208 11,951,625 98 GUDBJARTSSON et al. 2008; LANKTREE et al. 2011 
192  BCAS3 - 19 11,959,069 12,532,812 98 GUDBJARTSSON et al. 2008 
193  RNF135 - 19 18,330,386 18,343,193 99 GUDBJARTSSON et al. 2008 
194  CENTA2 ADAP2 19 18,353,810 18,388,312 99 GUDBJARTSSON et al. 2008 
195  ATAD5 - 19 18,442,077 18,446,948 99 GUDBJARTSSON et al. 2008 
196  CRLF3 - 19 18,456,445 18,497,948 99 GUDBJARTSSON et al. 2008 
197  POLR2A POLR2 19 27,786,958 27,803,965 100 LANKTREE et al. 2011 
198  KRT20 - 19 41,720,559 41,731,744 101 KIM et al. 2010 
199  WDR68 DCAF7 19 48,516,498 48,543,240 102 GUDBJARTSSON et al. 2008 
200  MAP3K3 - 19 48,562,411 48,623,481 102 GUDBJARTSSON et al. 2008; SORANZO et al. 2009; LANKTREE et al. 2011 
201  LYK5 STRADA 19 48,628,883 48,656,396 102 GUDBJARTSSON et al. 2008 
202  GH1 GH2 is neighbour to GH1 on human genome 19 48,768,617 48,772,014 102 LANKTREE et al. 2011 
203  GRB2 - 19 56,754,111 56,818,430 103 LANKTREE et al. 2011 
204  FBXW11 - 20 3,584,386 3,715,172 104 LANGO-ALLEN et al. 2010 
205  GHR - 20 31,890,735 32,064,200 105 LANGO-ALLEN et al. 2010; LANKTREE et al. 2011 
206  NPR3 - 20 40,965,737 41,042,094 106 SORANZO et al. 2009; LANGO-ALLEN et al. 2010; LANKTREE et al. 2011 
207  ADAMTS17 - 21 6,514,359 6,924,123 107 GUDBJARTSSON et al. 2008 
208  IGF1R - 21 7,967,723 8,268,932 107 LANKTREE et al. 2011 
209  ACAN - 21 20,800,157 20,868,837 108 WEEDON et al. 2008; LANGO-ALLEN et al. 2010; LANKTREE et al. 2011, KIM et al. 2010 
210  ADAMTSL3 - 21 24,597,136 24,898,998 109 
GUDBJARTSSON et al. 2008; LETTRE et al. 2008; 
WEEDON et al. 2008; SORANZO et al. 2009; 
OKADA et al. 2010 
211  SH3GL3 - 21 24,978,087 25,033,800 109 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
212  TMED3 - 21 25,993,164 26,004,028 109 LETTRE et al. 2008 
213  PTPN9 - 21 33,697,443 33,766,711 110 OKADA et al. 2010 
214  SIN3A - 21 33,796,381 33,840,716 110 OKADA et al. 2010 
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No. Gene symbol Alternative symbol BTA Gene start Gene end Region References 
215  PML - 21 34,970,431 35,025,001 110 LANGO-ALLEN et al. 2010 
216  MBIP - 21 46,916,934 46,935,846 111 GUDBJARTSSON et al. 2008 
217  NKX2-1 - 21 47,130,287 47,134,423 111 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
218  NKX2-8 - 21 47,196,836 47,198,449 111 GUDBJARTSSON et al. 2008 
219  PAX9 - 21 47,292,473 47,306,417 111 GUDBJARTSSON et al. 2008 
220  FBLN5 - 21 57,153,109 57,246,389 112 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
221  TRIP11 - 21 57,262,223 57,331,317 112 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
222  ATXN3 - 21 57,361,246 57,381,142 112 GUDBJARTSSON et al. 2008; LETTRE et al. 2008 
223  CPSF2 - 21 57,395,845 57,429,004 112 GUDBJARTSSON et al. 2008 
224  KBTBD8 - 22 34,580,259 34,590,216 113 KIM et al. 2010 
225  HMGA1 - 23 8,258,749 8,268,922 114 
GUDBJARTSSON et al. 2008; SORANZO et al. 
2009; LANGO-ALLEN et al. 2010; OKADA et al. 
2010; LANKTREE et al. 2011 
226  C6orf106 - 23 8,591,961 8,688,924 114 WEEDON et al. 2008; SORANZO et al. 2009 
227  ANKS1 ANKS1A 23 8,838,315 9,003,579 114 GUDBJARTSSON et al. 2008 
228  TCP11 - 23 9,020,181 9,052,244 114 GUDBJARTSSON et al. 2008 
229  SCUBE3 - 23 9,133,905 9,166,228 114 GUDBJARTSSON et al. 2008 
230  ZNF76 - 23 9,196,406 9,235,677 114 GUDBJARTSSON et al. 2008 
231  DEF6 - 23 9,237,763 9,263,844 114 GUDBJARTSSON et al. 2008 
232  PPARD - 23 9,269,514 9,355,440 114 LANKTREE et al. 2011 
233  SUPT3H - 23 18,223,166 18,623,659 115 GUDBJARTSSON et al. 2008, KIM et al. 2010 
234  RUNX2 - 23 18,671,464 18,805,208 115 GUDBJARTSSON et al. 2008 
235  NOTCH4 - 23 26,973,191 26,998,620 116 SORANZO et al. 2009 
236  BAT3/HLA class 3 - 23 27,463,437 27,474,655 116 GUDBJARTSSON et al. 2008 
237  Butyrophilin genes BTN1A1 23 31,361,715 31,367,294 117 GUDBJARTSSON et al. 2008 
238  HIST1H1D - 23 31,490,461 31,494,119 117 LETTRE et al. 2008; SORANZO et al. 2009, KIM et al. 2010 
239  Histone class 1 HIST1H1E 23 31,530,243 31,531,841 117 GUDBJARTSSON et al. 2008 
240  KIF13A - 23 39,312,099 39,505,107 118 GUDBJARTSSON et al. 2008 
241  NUP153 - 23 39,534,811 39,606,596 118 GUDBJARTSSON et al. 2008 
242  CAP2 - 23 39,646,540 39,781,557 118 GUDBJARTSSON et al. 2008 
243  DTNBP1 - 23 41,076,274 41,165,361 118 SORANZO et al. 2009 
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244  BMP6 - 23 47,353,876 47,510,231 119 GUDBJARTSSON et al. 2008 
245  RREB1 - 23 47,900,595 47,959,504 119 SORANZO et al. 2009 
246  C18orf45 TMEM241 24 33,549,186 33,626,761 120 GUDBJARTSSON et al. 2008 
247  CABLES1 - 24 33,687,285 33,841,483 120 GUDBJARTSSON et al. 2008; OKADA et al. 2010 
248  RBBP8 - 24 33,886,946 33,951,331 120 GUDBJARTSSON et al. 2008 
249  DYM - 24 49,193,604 49,590,611 121 WEEDON et al. 2008 
250  DCC - 24 52,670,174 53,505,214 122 LETTRE et al. 2008 
251  RAB40C - 25 517,558 539,514 123 LETTRE et al. 2008 
252  NARFL - 25 627,453 633,977 123 SORANZO et al. 2009 
253  CASKIN1 - 25 1,714,640 1,727,381 123 LANKTREE et al. 2011 
254  E4F1 - 25 1,753,320 1,762,995 123 LETTRE et al. 2008 
255  NTAN1 - 25 13,809,390 13,823,919 124 OKADA et al. 2010 
256  PDXDC1 - 25 13,824,243 13,879,128 124 OKADA et al. 2010 
257  GNA12 - 25 41,099,258 41,171,209 125 GUDBJARTSSON et al. 2008; SORANZO et al. 2009; OKADA et al. 2010; LANKTREE et al. 2011 
258  SH3PXD2A - 26 24,413,186 24,469,653 126 SORANZO et al. 2009 
259  PLEKHA1 - 26 42,579,749 42,633,525 127 OKADA et al. 2010 
260  WWC2 - 27 13,134,164 13,207,088 128 SORANZO et al. 2009 
261  AGPAT6 - 27 36,212,351 36,228,987 129 LETTRE et al. 2008 
262  PCBD2 DCOH2 28 27,226,795 27,231,724 130 GUDBJARTSSON et al. 2008 
263  PPIF - 28 35,167,544 35,173,642 131 LANGO-ALLEN et al. 2010 
264  MAT1A - 28 35,870,565 35,887,533 131 LANKTREE et al. 2011 
265  SPTY2D1 - 29 26,356,877 26,373,536 132 LANKTREE et al. 2011 
266  BBS1 - 29 45,200,689 45,215,093 133 LANKTREE et al. 2011 
267  CTSF - 29 45,242,550 45,248,115 133 LANKTREE et al. 2011 
268  KCNQ1 - 29 49,400,767 49,728,473 134 LANKTREE et al. 2011 
269  NAP1L3 - X 44,788,869 44,789,996 135 SORANZO et al. 2009 
270  ITM2A - X 77,815,173 77,826,620 136 GUDBJARTSSON et al. 2008 
271  NLGN3 - X 84,765,206 84,787,720 137 SORANZO et al. 2009 
272  ZNF678 MGC42493 - - - - WEEDON et al. 2008 
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Table S4.5: List of 9 genomic regions with significant signatures of selection in two cohorts of European Bos taurus 
No a BTA Top 0.1% SNPs (location in Mb) 
Top 1% SNPs 
(location in Mb) Genes in region (N) Candidate genes reported for stature 
b Candidate 
population 
Reference 
population 
1 3 1 (9.46-9.46) 15 (9.35-10.06) 41 DUSP23 LARGE SMALL 
2a 3 3 (50.81-51.49) 24 (50.62-52.40) 23 - SMALL LARGE 
2b 3 2 (56.21-56.36) 23 (53.92-56.96) 35 PKN2 SMALL LARGE 
3 5 4 (27.09-27.29) 8 (26.88-27.50) 59 ATP5G2, ATF7 SMALL LARGE 
4 6 10 (38.58-39.15) 29 (38.29-39.75) 13 NCAPG, LCORL LARGE SMALL 
5 7 20 (43.54-46.03) 36 (43.42-46.63) 120 CAMLG, DDX46, TXNDC15, CATSPER3, PITX1 (47.83-48.07)  SMALL LARGE 
6 10 6 (73.49-74.25) 20 (73.47-74.31) 12 - SMALL LARGE 
- 10 2 (78.88-78.91) 3 (78.74-78.91) 3 - SMALL LARGE 
7 14 21 (25.61-26.54) 66 (24.79-28.25) 24 TGS1, LYN, RPS20, MOS, PLAG1, CHCHD7, SDR16C5, RDHE2, PENK LARGE SMALL 
8 16 1 (42.80-42.80) 14 (42.29-43.17) 28 DNM3 (40.48) c SMALL LARGE 
9 19 6 (27.97-28.20) 16 (27.64-28.63) 105 POLR2A LARGE SMALL 
- 23 1 (1.23-1.23) 3 (0.61-1.23) 0 - LARGE SMALL 
 
a The region, which had less than 5 SNPs above 1% CSS neighboring consecutively to the top 0.1% SNPs, was removed (-) from the list of significant regions.  
b Candidate genes which are localized over 1 Mb in the surrounding of a significant region are listed with their positions on UMD3.1 bovine assembly. 
c The genomic region number 8 on BTA16 is localized at CSS peak position which is > 2 Mb away from a known gene (DNM3) for stature. Furthermore, the CSS peak region has been 
found associated for several genes of other traits; therefore, this region is not clearly implicated as candidate of stature. 
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Table S4.6: List of 17 genomic regions with significant signatures of selection in two cohorts of African Bos taurus 
No a BTA Top 0.1% SNPs (location in Mb) 
Top 1% SNPs 
(location in Mb) Genes in region (N) Candidate genes reported for stature 
b Candidate population 
Reference 
population 
1 3 1 (24.15-24.15) 9 (24.00-24.83) 12 SPAG17  LARGE SMALL 
2 3 8 (35.05-35.79) 8 (35.05-35.79) 13 - LARGE SMALL 
3 3 3 (95.80-96.24) 17 (95.50-96.60) 13 - LARGE SMALL 
4 3 3 (102.42-102.51) 18 (101.64-102.65) 40 - LARGE SMALL 
5 3 7 (105.86-106.61) 20 (105.58-106.96) 37 SCMH1 LARGE SMALL 
6 4 9 (48.43-48.98) 14 (48.28-49.07) 15 - SMALL LARGE 
- 6 1 (29.38-29.38) 3 (28.75-29.48) 1 - LARGE SMALL 
7 6 5 (49.67-50.32) 22 (49.30-50.83) 1 - SMALL LARGE 
- 6 1 (96.33-96.33) 1 (96.33-96.33) 6 BMP3, PRKG2, RASGEF1B (97.58) SMALL LARGE 
8 7 5 (52.22-52.72) 6 (52.22-52.79) 23 - SMALL LARGE 
9 7 6 (97.15-97.53) 14 (96.54-97.53) 13 - LARGE SMALL 
10 8 1 (83.64-83.64) 13 (83.05-83.89) 14 FBP2, PTCH1 SMALL LARGE 
11 10 1 (59.97-59.97) 12 (59.38-59.97) 15 CYP19A1 SMALL LARGE 
12 10 1 (79.46-79.46) 9 (79.18-79.96) 18 - LARGE SMALL 
13 11 7 (81.48-81.89) 7 (81.48-81.89) 4 - SMALL LARGE 
14 15 4 (36.17-36.43) 13 (35.50-36.76) 15 - SMALL LARGE 
15 19 3 (35.25-35.35) 13 (34.84-35.76) 55 - LARGE SMALL 
16 19 1 (48.28-48.28) 14 (48.01-49.01) 39 WDR68, MAP3K3, LYK5, GH1 SMALL LARGE 
17 22 1 (25.62-25.62) 9 (25.03-25.62) 3 - LARGE SMALL 
- 28 2 (12.10-12.13) 4 (11.74-12.72) 1 - LARGE SMALL 
a The region, which had less than 5 SNPs above 1% CSS neighboring consecutively to the top 0.1% SNPs, was removed (-) from the list of significant list.  
b Candidate genes which are localized over 1 Mb in the surrounding of a significant region are listed with their positions on UMD3.1 bovine assembly. 
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Appendix of Chapter 5 
Table S5.1: Breed information about the breed-types, geographic origin, country of sampling and DNA samples. Dataset 1 shows breed samples 
used in validation dataset 1 of 26 breeds (898 samples) used for comparison of CSSi (breed-vs-breed) and CSS (breed-vs-multi-breed). 
No. Breeds Breed-type Geographic origin Country of sampling DNA samples  (N) 
Dataset 1  
(N) 
1  Ankole-Watusi African Africa Uganda 5 - 
2  Baoule African Burkina Faso Burkina Faso 29 29 
3  Borgou African Benin Benin 30 30 
4  Kuri African Chad Chad 30 30 
5  Lagune African Benin Benin 30 30 
6  NDama African West Africa Guinea, Burkina Faso 90 60 
7  Oulmes Zaer African Morocco Morocco 26 26 
8  Sheko African Africa Ethiopia 20 - 
9  Somba African Togo Togo 30 30 
10  Tuli African Africa Zimbabwe 5 - 
 - Ndama-Boran cross African cross Africa Kenya 40 - 
11  Abondance European France France 22 - 
12  Angus European Britain USA, New Zealand 128 44 
13  Aubrac European France France 22 - 
14  Beef Master European Hybrid USA 24 24 
15  Belgian Blue European Belgium USA 4 - 
16  Belted Galloway European Britain Britain 4 - 
17  Blonde D’Aquitaine European France USA 5 - 
18  Bretonne Black Pied European France France 18 - 
19  British White European Britain Australia 11 - 
20  Brown Swiss European Switzerland USA 41 41 
21  Charolais European France Britain, USA 88 55 
22  Chianina European Italy USA 8 - 
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No. Breeds Breed-type Geographic origin Country of sampling DNA samples  (N) 
Dataset 1  
(N) 
23  Corriente European USA USA 5 - 
24  Devon European Britain Britain 14 - 
25  Dexter European Ireland Britain 19 - 
26  Finnish Ayrshire European Finland Finland 10 - 
27  French Red Pied Lowland European France France 22 - 
28  Galloway European Britain Britain 4 - 
29  Gascon European France France 22 - 
30  Gelbvieh European Germany USA 8 - 
31  Guernsey European Channel Islands Britain, USA 21 - 
32  Hanwoo European Korea South Korea 7 - 
33  Hereford European Britain USA, New Zealand 118 31 
34  Holstein European Netherlands France, USA, New Zealand 160 80 
35  Jersey European Channel Islands France, USA, New Zealand 63 49 
36  Kerry European Ireland Britain 3 - 
37  Limousin European France USA, France 137 35 
38  Lincoln Red European Britain USA 9 - 
39  Longhorn European Britain Britain 3 - 
40  Maine-Anjou European France France, USA 21 - 
41  Maraichine (Parthenaise) European France France 19 - 
42  Marchigiana European Italy USA 5 - 
43  Montbeliarde European France France 35 35 
44  Murray Grey European Australia USA 5 - 
45  Normande European France France 31 31 
46  Norwegian Red European Norway Norway 21 - 
47  Piedmontese European Italy Italy 29 26 
48  Pinzgauer European Austria USA 5 - 
49  Poll Shorthorn European Britain Australia 12 - 
50  Red Angus European Britain USA, Canada 15 - 
51  Red Poll European Britain USA 5 - 
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No. Breeds Breed-type Geographic origin Country of sampling DNA samples  (N) 
Dataset 1  
(N) 
52  Romagnola European Italy Italy 29 24 
53  Romosinuano European New World Spanish USA  8 - 
54  Salers European France France, USA 27 27 
55  Santa Gertrudis European Hybrid USA, Australia 36 24 
56  Scottish Highland European Britain Britain, USA 8 - 
57  Senepol European Africa Senegal 36 - 
58  Shorthorn (Durham) European Britain USA 91 - 
59  Simmental European Switzerland USA 85 - 
60  South Devon European Britain Britain 4 - 
61  Sussex European Britain Britain 4 - 
62  Tarine (Tarentaise) European France France, USA 23 - 
63  Texas Longhorn European New World D Texas 41 - 
64  Vosges (Vosgienne) European France France 19 - 
65  Wagyu European Japan USA 10 - 
66  Welsh Black European Britain Wales (UK) 2 - 
67  White Park European Britain Britain 4 - 
68  Boran Zebu Africa Kenya 44 - 
69  Brahman Zebu India India, Brazil, Australia 112 25 
70  Cholistani Zebu Pakistan Pakistan 9 - 
71  Gir Zebu India Brazil 25 25 
72  Guzerat Zebu India Brazil 3 - 
73  Nellore Zebu India Brazil 69 26 
74  Red Sindhi Zebu Pakistan Pakistan 9 - 
75  Sahiwal Zebu Pakistan Pakistan 14 - 
76  Zebu Bororo Zebu West Africa Chad 23 - 
77  Zebu from Madagascar Zebu Madagascar Madagascar 30 30 
78  Zebu Fulani Zebu West Africa Benin 30 30 
 
358
Appendix of Chapter 5 
 
 
Table S5.2: Chromosome (BTA) wise information regarding genotyping data of cattle breeds 
BTA UMD3.1 Length (bp) 
SNPs  
(N) 
Distance between neighbouring SNPs 
(bp) 
  Mean Minimum Maximum 
1 158,337,067 2,382 66,370 131 1,160,151 
2 137,060,424 1,909 71,409 75 1,715,336 
3 121,430,405 1,758 68,868 3,708 1,610,036 
4 120,829,699 1,775 67,542 365 624,584 
5 121,191,424 1,471 81,331 649 988,849 
6 119,458,736 1,789 66,579 1,851 1,601,814 
7 112,638,659 1,525 73,730 1,969 3,404,489 
8 113,384,836 1,699 66,555 3,416 650,324 
9 105,708,250 1,475 70,916 449 1,089,032 
10 104,305,016 1,514 68,244 284 3,320,533 
11 107,310,763 1,544 69,329 886 799,678 
12 91,163,125 1,131 78,913 7,560 4,498,320 
13 84,240,350 1,213 69,142 382 1,995,291 
14 84,648,390 1,178 70,629 108 3,618,794 
15 85,296,676 1,123 74,660 2,924 1,072,079 
16 81,724,687 1,090 73,546 178 2,397,240 
17 75,158,596 1,082 69,276 4,813 1,059,530 
18 66,004,023 851 76,446 5,603 1,139,628 
19 64,057,457 903 69,657 1,014 544,787 
20 72,042,655 1,102 64,974 1,527 559,097 
21 71,599,096 940 72,710 903 540,378 
22 61,435,874 907 67,318 4,729 465,568 
23 52,530,062 712 72,751 6,876 1,145,617 
24 62,714,930 889 69,891 95 577,231 
25 42,904,170 631 67,769 784 520,202 
26 51,681,464 717 71,106 281 760,661 
27 45,407,902 643 70,468 11,523 1,367,917 
28 46,312,546 622 74,263 23 2,145,618 
29 51,505,224 709 70,120 1,762 901,776 
Total 2,512,082,506 35,284 - - - 
Average - - 70,845 2,237 1,457,743 
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Table S5.3: List of significant CSS regions in 60 worldwide breeds of cattle. 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
1 0.14 – 0.47 2 (4) 11 2.07 Wagyu 
1 1.44 – 2.21 3 (15) 21 1.65 Boran 
1 1.51 – 3.12 10 (32) 27 1.99 Nellore 
1 1.67 – 4.78 11 (58) 59 2.51 Senepol 
1 14.10 – 15.61 6 (17) 1 2.86 Poll Shorthorn 
1 15.65 – 16.92 1 (18) 1 1.67 Sahiwal 
1 17.93 – 18.58 8 (11) 5 2.29 Zebu from Madagascar 
1 31.55 – 32.64 17 (19) 1 3.16 Tarine (Tarentaise) 
1 31.70 – 32.91 6 (21) 2 2.36 Scottish Highland 
1 64.99 – 66.98 23 (36) 41 2.96 Senepol 
1 75.15 – 76.99 2 (29) 14 2.95 Hereford 
1 77.61 – 79.06 4 (20) 9 2.65 Salers 
1 105.48 – 106.74 4 (21) 5 2.17 Zebu Fulani 
1 112.62 – 114.27 8 (21) 10 2.55 Finnish Ayrshire 
1 117.32 – 120.63 11 (55) 34 2.48 Finnish Ayrshire 
2 4.72 – 7.13 3 (32) 37 2.61 Aubrac 
2 4.34 – 9.81 1 (85) 47 2.97 Limousin 
2 4.72 – 9.81 18 (76) 46 3.74 Piedmontese 
2 44.95 – 47.65 3 (32) 16 1.84 Nellore 
2 47.17 – 47.87 2 (11) 8 1.5 Red Sindhi 
2 69.92 – 70.72 2 (9) 6 2.23 Baoule 
2 75.89 – 76.85 1 (20) 2 2.4 French Red Pied Lowland 
2 85.43 – 86.12 3 (8) 16 2 Chianina 
2 123.83 – 124.27 1 (9) 2 1.89 Romosinuano 
2 126.19 – 126.9 1 (8) 44 2.51 Somba 
3 19.25 – 22.15 15 (32) 113 3.04 Red Angus 
3 24.00 – 24.42 1 (4) 11 1.66 Kuri 
3 37.90 – 38.21 1 (3) 1 1.44 Red Sindhi 
3 51.13 – 54.27 2 (42) 37 2.6 Angus 
3 70.75 – 72.00 9 (21) 6 3.25 Shorthorn 
3 71.04 – 72.00 6 (19) 4 2.58 Maine Anjou 
3 70.93 – 72.16 8 (24) 5 2.87 Poll Shorthorn 
3 73.01 – 73.69 1 (10) 1 2.26 Vosgienne (Vosges) 
3 92.96 – 94.25 3 (21) 34 2.4 Oulmes Zaer 
3 100.03 – 101.35 19 (22) 50 3.03 Lagune 
3 102.29 – 103.80 2 (24) 66 2.08 Oulmes Zaer 
3 106.12 – 107.15 14 (22) 37 2.34 Oulmes Zaer 
3 111.28 – 112.14 6 (16) 18 1.8 Cholistani 
4 0.82 – 0.99 2 (3) 1 2.08 Zebu Bororo 
4 4.26 – 5.52 10 (20) 9 2.57 Abondance 
4 8.67 – 9.70 2 (16) 19 1.83 Maraichine (Parthenaise) 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
4 14.16 – 15.38 6 (15) 13 2.53 Finnish Ayrshire 
4 23.29 – 25.16 14 (29) 12 3.15 Devon 
4 50.41 – 50.55 2 (4) 11 1.84 Maraichine (Parthenaise) 
4 55.31 – 56.03 3 (11) 7 2.04 Chianina 
4 55.62 – 56.88 2 (20) 9 2.69 British White 
4 68.58 – 69.78 10 (18) 22 2.64 Norwegian Red 
4 83.56 – 84.34 6 (19) 13 2.88 Finnish Ayrshire 
4 85.82 – 86.88 4 (21) 8 2.1 Zebu from Madagascar 
4 98.06 – 98.94 2 (6) 8 1.83 Zebu Bororo 
5 16.02 – 17.02 1 (11) 3 1.98 Santa Gertrudis 
5 16.71 – 17.36 1 (5) 1 1.82 Sahiwal 
5 16.95 – 17.36 1 (3) 1 2.61 Brown Swiss 
5 18.00 – 19.53 2 (17) 10 1.85 Zebu Bororo 
5 18.00 – 20.12 10 (20) 10 3.71 Zebu Fulani 
5 19.46 – 19.93 1 (3) 5 1.47 Red Sindhi 
5 19.44 – 20.12 2 (6) 5 2.87 Chianina 
5 23.86 – 27.29 2 (43) 97 1.8 Borgou 
5 24.11 – 27.29 9 (42) 93 2.7 Norwegian Red 
5 26.46 – 27.29 1 (11) 65 1.91 Santa Gertrudis 
5 32.10 – 32.66 4 (6) 26 2.43 Oulmes Zaer 
5 32.10 – 32.98 3 (12) 28 2.07 Wagyu 
5 40.37 – 41.24 1 (17) 6 1.68 Boran 
5 43.57 – 44.58 7 (16) 24 1.97 Santa Gertrudis 
5 45.09 – 45.20 1 (3) 11 1.48 Red Sindhi 
5 45.09 – 45.97 4 (13) 15 1.88 Gir 
5 46.74 – 47.54 6 (8) 9 3.12 Abondance 
5 49.15 – 49.84 2 (7) 15 2.23 Baoule 
5 50.73 – 51.25 1 (8) 5 1.58 Sheko 
5 54.05 – 54.75 2 (9) 3 2.1 Texas Longhorn 
5 53.58 – 55.80 4 (23) 29 3.39 Charolais 
5 69.72 – 70.47 3 (13) 11 1.95 Gir 
5 69.94 – 70.47 1 (11) 11 1.6 Kuri 
5 69.72 – 70.76 10 (14) 12 2.08 Santa Gertrudis 
5 85.06 – 85.61 1 (9) 6 1.68 Sahiwal 
5 89.32 – 91.55 7 (26) 19 2.74 Dexter 
5 99.38 – 100.89 1 (13) 59 2.15 Dexter 
5 112.95 – 114.82 11 (20) 66 3.26 Normande 
5 114.29 – 114.82 8 (10) 22 2.41 Scottish Highland 
6 0.14 – 0.87 4 (11) 1 2.8 British White 
6 2.99 – 4.55 12 (28) 8 2.79 NDama 
6 3.32 – 4.92 3 (29) 11 1.92 Bretonne Black Pied 
6 4.19 – 5.18 7 (15) 10 2.93 Red Angus 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
6 4.19 – 5.21 11 (16) 11 2.54 Zebu Fulani 
6 4.33 – 5.21 7 (15) 11 2.15 Zebu Bororo 
6 4.89 – 12.00 23 (79) 35 3.33 British White 
6 9.71 – 10.64 3 (12) 1 2.22 Zebu from Madagascar 
6 17.38 – 18.96 22 (31) 12 3.12 Sahiwal 
6 34.69 – 35.61 3 (11) 3 3.87 Romagnola 
6 37.40 – 39.67 17 (46) 20 3.83 Montbeliarde 
6 37.65 – 39.75 24 (40) 18 4.34 Brown Swiss 
6 37.65 – 39.75 8 (40) 18 3.56 Charolais 
6 38.13 – 39.75 8 (30) 15 2.79 Simmental 
6 38.29 – 39.67 19 (26) 13 2.92 Guernsey 
6 37.40 – 41.42 36 (80) 25 3.27 Gelbvieh 
6 37.44 – 42.02 33 (95) 25 2.76 Romagnola 
6 38.91 – 40.58 6 (34) 6 2.26 Chianina 
6 54.80 – 55.70 6 (21) 1 1.68 Boran 
6 61.95 – 62.93 10 (15) 11 2.32 Zebu from Madagascar 
6 65.93 – 66.75 4 (19) 6 2.48 Maine Anjou 
6 65.83 – 67.02 18 (23) 8 3.62 Vosgienne (Vosges) 
6 68.50 – 73.89 34 (72) 56 4.63 Hereford 
6 70.96 – 71.58 7 (12) 10 1.87 Nellore 
6 70.93 – 71.87 12 (13) 11 2.3 Kuri 
6 70.96 – 71.87 12 (13) 11 2.67 Bretonne Black Pied 
6 70.68 – 72.34 9 (25) 20 3.35 Brown Swiss 
6 70.93 – 72.30 13 (22) 19 3.17 Abondance 
6 70.93 – 72.87 19 (30) 22 3.2 Montbeliarde 
6 71.07 – 74.28 1 (50) 36 2.27 Vosgienne (Vosges) 
6 73.40 – 74.74 2 (20) 18 2.81 Normande 
6 75.30 – 76.00 1 (6) 1 1.7 Sahiwal 
6 80.64 – 81.77 15 (20) 4 2.38 Wagyu 
6 80.89 – 81.77 1 (17) 4 2.22 Red Angus 
6 80.89 – 82.97 1 (33) 5 2.37 Baoule 
7 40.55 – 43.36 15 (53) 109 3.52 Jersey 
7 47.62 – 48.44 4 (17) 26 2.3 Oulmes Zaer 
7 50.83 – 52.79 3 (9) 47 2.94 Baoule 
7 52.22 – 52.79 5 (5) 23 5.1 Somba 
7 52.49 – 53.66 5 (10) 67 3.74 Aubrac 
7 52.49 – 53.93 3 (13) 74 3 Gascon 
7 61.52 – 63.36 1 (30) 41 1.69 Borgou 
7 64.51 – 64.77 1 (3) 19 1.42 Red Sindhi 
7 78.31 – 79.43 8 (14) 1 3.07 Hanwoo 
7 96.19 – 97.07 3 (12) 13 1.9 Zebu Fulani 
7 96.05 – 97.26 8 (15) 14 2.27 Zebu Bororo 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
8 11.21 – 12.32 2 (14) 13 2.62 NDama 
8 11.21 – 12.94 7 (18) 13 2.74 Baoule 
8 12.32 – 13.14 4 (6) 1 2.09 Zebu Fulani 
8 27.26 – 28.62 1 (23) 10 1.77 Nellore 
8 57.06 – 57.66 2 (10) 1 1.76 Sahiwal 
8 69.55 – 70.47 4 (13) 29 2.2 Baoule 
8 72.40 – 73.27 4 (14) 11 1.86 Hanwoo 
8 77.77 – 78.78 2 (19) 22 1.9 Bretonne Black Pied 
8 82.95 – 84.80 13 (25) 27 3.35 Somba 
8 89.56 – 90.81 3 (22) 9 2.74 Angus 
8 100.63 – 101.37 2 (12) 14 2 Chianina 
8 100.63 – 101.5 10 (12) 15 2.99 NDama 
8 101.50 – 102.15 3 (12) 10 1.47 Red Sindhi 
8 107.59 – 108.77 4 (22) 5 2.22 Abondance 
8 108.22 – 109.47 1 (25) 2 1.97 Chianina 
9 6.82 – 7.24 6 (7) 4 2.29 Oulmes Zaer 
9 6.82 – 7.24 1 (7) 4 2.07 Tarine (Tarentaise) 
9 8.86 – 9.27 1 (4) 6 2.09 Maraichine (Parthenaise) 
9 27.72 – 28.66 3 (18) 11 2.18 Zebu from Madagascar 
9 42.13 – 42.85 2 (11) 15 1.65 Boran 
9 49.31 – 50.24 5 (19) 8 1.66 Boran 
10 7.45 – 8.33 2 (14) 16 3 Shorthorn 
10 21.52 – 22.28 12 (14) 69 1.96 Cholistani 
10 25.60 – 26.59 10 (14) 87 2.27 Gir 
10 36.49 – 37.59 2 (20) 55 2.12 Abondance 
10 67.29 – 68.09 6 (12) 18 1.84 Cholistani 
10 87.92 – 89.21 7 (26) 24 2.21 Texas Longhorn 
10 90.84 – 91.78 7 (19) 1 1.9 Hanwoo 
11 7.05 – 8.01 3 (25) 11 2.29 Scottish Highland 
11 11.61 – 12.86 10 (22) 17 2.84 Gir 
11 39.30 – 39.71 1 (8) 1 1.54 Sheko 
11 47.97 – 48.88 9 (12) 31 1.71 Sheko 
11 68.25 – 69.04 2 (13) 17 2.25 Red Angus 
11 68.25 – 69.24 12 (17) 19 3.16 Simmental 
11 73.75 – 74.49 2 (8) 17 2.43 NDama 
11 73.75 – 74.60 2 (9) 25 2.26 Baoule 
11 74.12 – 74.65 4 (9) 22 2.66 Somba 
11 81.48 – 82.32 7 (10) 6 2.59 Baoule 
11 86.87 – 87.41 1 (9) 16 1.62 Boran 
11 96.60 – 98.61 1 (25) 51 2.19 Guernsey 
12 7.66 – 8.10 2 (4) 1 1.89 Wagyu 
12 21.82 – 22.16 1 (4) 11 2.61 Aubrac 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
12 28.83 – 30.17 10 (22) 18 2.04 Borgou 
12 32.31 – 32.78 1 (7) 20 1.45 Red Sindhi 
12 36.76 – 37.51 1 (8) 12 1.77 Kuri 
12 36.25 – 39.02 12 (18) 25 2.52 Hanwoo 
12 39.25 – 40.21 9 (10) 1 2.99 Poll Shorthorn 
12 40.21 – 41.08 5 (7) 1 2.08 Bretonne Black Pied 
12 40.80 – 41.67 3 (8) 2 2.34 Chianina 
12 40.80 – 42.61 1 (16) 2 2.6 French Red Pied Lowland 
12 41.67 – 42.61 1 (9) 1 2.51 Aubrac 
12 76.84 – 76.93 2 (4) 9 1.57 Red Sindhi 
12 89.26 – 89.51 1 (6) 10 1.43 Red Sindhi 
13 7.56 – 7.97 1 (4) 7 2.57 Angus 
13 25.49 – 26.88 3 (24) 9 2.15 Santa Gertrudis 
13 37.09 – 37.76 2 (12) 9 1.62 Boran 
13 40.00 – 40.88 3 (18) 14 1.58 Sheko 
13 40.26 – 41.26 7 (19) 13 2 Romosinuano 
13 40.26 – 43.43 1 (57) 52 1.92 Texas Longhorn 
13 41.16 – 42.71 4 (27) 28 2.44 Norwegian Red 
13 42.45 – 43.52 10 (20) 41 3.3 Maine Anjou 
13 46.39 – 48.74 3 (47) 24 2.96 Holstein 
13 47.78 – 48.74 5 (18) 16 2.28 Guernsey 
13 51.21 – 52.10 5 (13) 30 2.05 Wagyu 
13 57.52 – 58.53 4 (12) 25 2.47 Scottish Highland 
13 57.05 – 59.48 17 (37) 38 2.91 Salers 
13 58.46 – 59.02 1 (13) 21 2.11 Tarine (Tarentaise) 
13 61.78 – 62.59 3 (11) 43 2.33 Guernsey 
13 61.67 – 62.99 5 (17) 59 2.19 Chianina 
13 62.53 – 65.90 6 (49) 84 3.08 Shorthorn 
13 62.88 – 65.90 20 (45) 77 3.29 Lincoln Red 
13 63.91 – 66.18 14 (33) 55 2.84 Angus 
13 64.66 – 65.90 14 (23) 41 2.01 Santa Gertrudis 
13 64.95 – 66.12 1 (23) 41 1.98 Chianina 
14 18.26 – 19.25 11 (17) 12 2.4 Red Angus 
14 19.63 – 20.61 1 (18) 7 2.45 Norwegian Red 
14 24.15 – 25.46 1 (21) 18 2.56 French Red Pied Lowland 
14 22.64 – 28.25 3 (99) 39 3.12 Charolais 
14 22.95 – 28.25 3 (92) 38 3.25 Limousin 
14 24.79 – 27.73 15 (51) 22 2.75 Salers 
14 24.15 – 28.65 23 (82) 30 3.52 Normande 
14 24.57 – 28.25 32 (64) 24 3.07 Gascon 
14 19.13 – 33.83 15 (230) 80 6.2 Brahman 
14 25.96 – 27.38 15 (32) 10 2.73 Devon 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
14 26.45 – 28.10 12 (34) 11 3.29 Poll Shorthorn 
14 27.43 – 28.05 4 (10) 5 1.88 Maraichine (Parthenaise) 
14 31.59 – 32.59 10 (16) 16 2.7 Norwegian Red 
14 32.57 – 34.54 9 (28) 19 2.31 Bretonne Black Pied 
15 1.24 – 2.12 1 (8) 16 2 Hanwoo 
15 8.18 – 14.06 20 (65) 11 3.12 Beef Master 
15 18.92 – 19.12 1 (4) 3 2.74 Simmental 
15 42.18 – 43.04 2 (15) 15 1.74 Borgou 
15 51.38 – 52.80 1 (21) 66 2.48 French Red Pied Lowland 
15 57.00 – 57.68 1 (8) 14 1.96 Chianina 
16 1.58 – 2.25 3 (16) 21 1.49 Red Sindhi 
16 3.93 – 4.66 16 (16) 29 2.99 Maraichine (Parthenaise) 
16 19.34 – 19.52 2 (3) 2 1.69 Sahiwal 
16 26.70 – 28.01 2 (25) 19 2.57 Brown Swiss 
16 29.77 – 30.19 2 (7) 20 2.13 Bretonne Black Pied 
16 41.99 – 43.17 2 (21) 32 2.24 Scottish Highland 
16 48.43 – 48.94 1 (7) 15 2 Tarine (Tarentaise) 
16 49.81 – 50.55 3 (15) 22 2.73 Lincoln Red 
16 52.93 – 53.67 10 (12) 46 2.31 Romosinuano 
16 71.16 – 71.74 6 (11) 11 1.91 Boran 
17 28.23 – 32.01 12 (61) 18 3.21 Beef Master 
17 36.89 – 37.39 4 (8) 3 1.54 Red Sindhi 
17 39.74 – 40.69 4 (13) 5 2.86 Beef Master 
17 72.58 – 73.44 1 (6) 67 1.77 Boran 
18 13.84 – 14.53 11 (11) 50 2.92 Maraichine (Parthenaise) 
18 12.99 – 15.88 11 (28) 65 3.96 Aubrac 
18 14.04 – 15.07 3 (11) 53 1.73 Nellore 
18 13.84 – 15.48 11 (17) 59 2.77 Tarine (Tarentaise) 
18 15.04 – 15.88 8 (9) 30 2.35 Borgou 
18 51.62 – 52.97 4 (23) 93 1.81 Sheko 
18 52.09 – 53.33 4 (18) 95 1.79 Kuri 
18 61.64 – 62.47 1 (6) 77 1.77 Nellore 
19 2.19 – 3.25 1 (5) 3 2.71 Norwegian Red 
19 3.62 – 3.82 5 (5) 3 1.87 Boran 
19 6.48 – 7.27 2 (15) 8 2.01 Sahiwal 
19 10.17 – 12.12 5 (22) 37 3.18 Angus 
19 27.25 – 28.20 8 (10) 113 2.77 Somba 
19 41.93 – 42.98 1 (17) 98 2.31 Finnish Ayrshire 
19 47.06 – 49.40 6 (36) 50 2.39 NDama 
20 22.54 – 24.08 2 (17) 30 2.29 Senepol 
20 24.29 – 25.19 3 (12) 22 2.45 Lagune 
20 25.85 – 26.73 1 (7) 6 2.91 Jersey 
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Table S5.3 continued … 
 
 
BTA Region span (Mb) 
Top 0.1% (1%) 
SNPs 
Genes 
(N) 
Max 
CSS Breeds 
20 33.90 – 36.71 14 (43) 27 2.22 Romosinuano 
20 37.07 – 37.50 4 (12) 9 1.93 Hanwoo 
20 49.78 – 50.44 1 (8) 1 1.97 Wagyu 
20 50.44 – 51.21 3 (11) 1 2.41 Romosinuano 
20 70.67 – 71.74 13 (15) 27 2.18 Texas Longhorn 
21 2.33 – 3.35 1 (16) 2 2.17 Abondance 
21 2.33 – 3.35 11 (16) 2 2.28 Dexter 
21 2.33 – 3.35 15 (16) 2 4.01 Limousin 
21 5.09 – 8.16 8 (36) 21 2.83 Lincoln Red 
21 40.59 – 42.28 4 (20) 11 2.4 Dexter 
21 53.50 – 53.66 3 (5) 1 2.17 Wagyu 
21 55.83 – 56.76 11 (14) 32 2.88 Lagune 
21 56.60 – 57.16 2 (7) 13 1.93 Cholistani 
22 2.31 – 3.39 6 (20) 6 2.61 Zebu from Madagascar 
22 31.76 – 33.10 11 (22) 10 3.2 Simmental 
22 31.96 – 33.10 6 (19) 10 1.66 Cholistani 
22 33.98 – 34.42 7 (9) 4 2.62 Guernsey 
22 34.88 – 35.35 4 (8) 6 1.84 Red Sindhi 
23 0.40 – 0.62 3 (3) 1 3.55 Vosgienne (Vosges) 
23 26.74 – 27.80 1 (19) 107 1.77 Boran 
23 50.33 – 51.55 13 (22) 24 2.66 Texas Longhorn 
24 3.84 – 4.97 13 (21) 10 2.14 Zebu Bororo 
24 27.81 – 29.41 7 (32) 2 2.73 Maine Anjou 
24 37.73 – 38.64 2 (18) 11 2.46 Maine Anjou 
24 40.98 – 42.58 1 (26) 16 2.69 Lincoln Red 
24 42.67 – 43.27 4 (8) 25 2.7 Simmental 
24 43.84 – 44.08 3 (4) 14 2.61 Maine Anjou 
24 62.13 – 62.64 1 (9) 21 1.65 Kuri 
25 3.13 – 4.02 13 (19) 52 2.52 Scottish Highland 
25 12.97 – 13.79 2 (7) 19 1.94 Sahiwal 
25 34.80 – 37.01 5 (47) 111 2.54 Devon 
26 4.60 – 4.97 1 (4) 1 1.43 Red Sindhi 
26 18.88 – 20.77 13 (35) 46 2.31 Dexter 
26 19.15 – 23.00 17 (60) 76 3.68 Holstein 
26 21.61 – 24.60 32 (39) 74 3.59 French Red Pied Lowland 
26 28.37 – 29.22 4 (16) 2 1.43 Red Sindhi 
28 12.65 – 12.72 3 (3) 6 1.58 Sheko 
29 16.29 – 17.09 4 (11) 4 2.92 British White 
29 19.00 – 20.31 10 (14) 5 2.08 Kuri 
29 44.05 – 44.98 5 (19) 97 2.08 Wagyu 
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Limousin Population 1 (Subset 3, n=10)
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Figure S5.3: Histograms showing the distribution of the number of SNPs in 1 Mb sliding 
windows in European, African and Zebu breeds. 
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Figure S5.5: Distribution of significant SNPs per region and size of the significant genomic 
regions in the European, African and Zebu breeds. In each plot, red (diamond) and blue 
(round) points represent top 1% and 0.1% of SNPs, respectively. The vertical green and pink 
lines, respectively, represent mean and median size of the significant regions. 
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